Large-scale study of Calanus in the North Atlantic Ocean: macroecological patterns and potential impacts of climate change by Helaouet, Pierre
Large-scale study of Calanus in the North Atlantic 
Ocean: macroecological patterns and potential impacts 
of climate change 
By 
Pierre Helaouet 
A thesis submitted to the University of Plymouth in partial fulfilment for the degree of 
DOCTOR OF PHILOSOPHY 
School ofMarine Science and Engineering 
Faculty of Science and Technology 
ln collaboration with: 
Sir Alister Hardy Foundation for Ocean Science and CNRS France 
September 2009 
(0 !9'25"3ct' g 
1lt~SI5. 5Tl. T21 ~6L 
Large-scale study of Calanus in the North Atlantic Ocean: 
macroecological patterns and potential impacts of climate 
change 
Pierre Helaouet 
Abstract 
Marine ecosystems show natural fluctuation throughout a large range of spatial and 
temporal scales. Despite the large amount of study devoted to the North Atlantic Ocean, 
drivers of those fluctuations remain unclear. By changing global climate, polluting, 
introducing exotic species, expanding and intensifying land uses and overharvesting 
biological resources, human activities have degraded the global ecosystem and 
drastically accelerated species extinction rates. Consequences of this human forcing 
become apparent in the progressive degradation of ecosystem that are used by humans 
(Schroter et al. , 2005), climate change- induced shifts in species distributions toward the 
poles (Parrnesan et al. , 1999) and higher elevations (Wilson et al. , 2005), and in rapidly 
changing phenology (Edwards & Richardson, 2004). Data collected by the Continuous 
Plankton Recorder (CPR) constitutes, by both their temporal and biogeographical 
extends, one of the most useful datasets to investigate fUJther major marine management 
issues as the di stinction between anthropogenic, climatically forced and natural 
ecosystems fluctuations. 
The present work is a contribution to environmental change biology focused on 
copepods Ca/anus species as key structural species characteristic of the North Atlantic 
Ocean and adjacent seas. The purpose is to ( I) identify environmental factors leading to 
the large-scale distribution patterns of Calanus that occurred in the North A tlantic 
Ocean, and (2) to propose and investigate new methods to assess both fundamental and 
realised niches of a dominant species in these basins. 
Most current approaches using Hutchinson concept of ecological niches to model 
species distribution be long to correlative or mechanistic models. A correlative approach 
has been developed to assess statistical relationships between the observed spatial 
distributions of two congeneric species and a set of environmental variables 
characteristic of the studied area. The method is designed to show the seasonal 
dynamics of environmental restriction driving observed distiibutions. Both Calanus 
jinrnarchicus and C. helgolandicus environmental preferences and optimum have been 
defined for 11 environmental parameters. A principal component analysis (PCA) has 
been used (1) to quantify the importance on the spatial distribution of each 
environmental parameter and (2) to identify the ecological niche. A numerical analysis 
based on M ultiple Response Permutation Procedures (MRPP) was utilised to assess the 
breath of each niche and to compare them. 
The egg production rate of Calanus jinmarchicus has been defined to investigate the 
link between physiology, macroecological patterns and ecological niches. It typically 
assesses the fundamental niche as in opposition to the correlative approach, the model 
based on a fundamental biological process is more focused on the potential response of 
C. finmarchicus to environmental conditions. The simplici ty of the method which used 
only Sea Surface Temperature (SST) allows us to use IPCC scenarios and predict a shift 
in distribution over the 2151 century. 
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Chapter 1 
Introduction 
Climate variability in the North Atlantic Ocean is primarily forced by the atmospheric 
variability related to the state of the North Atlantic Oscillation (NAO) or the latitudinal 
displacement of the Gulf Stream North Wall (GSNW). Recently, some authors provided 
evidence for an anthropogenic influence related to global warming (Levitus et al., 
2005). These changes are expected to affect the state, the structure and the functioning 
of ecosystems of the North Atlantic Ocean and its adjacent seas. 
Chapter 1: Introduction 
l.A. The North Atlantic Ocean 
The Atlantic Ocean is the second largest ocean in the world (Tomczak & Godfrey, 
2003). When all adjacent seas are included, the Atlantic Ocean covers I 07 x I 06 km2 
(about a fifth of the Earth's surface) with a total meridional extent of more than 21,000 
km from the Arctic to the Antarctic (Tomczak & Godfrey, 2003). The North Atlantic 
Meridional Overturning Circulation (MOC) transfers warm upper waters from the 
tropical region to the polar region and returns cold deep waters southward (Garrison, 
2004). This feature has a special role in the regulation of weather and climate over the 
North Atlantic Ocean and a capital function in the global ocean circulation (Stenseth et 
al., 2004). As part of the MOC, the Gulf Stream (composed by the Florida Current, the 
Gulf Stream extension and the Gulf Stream proper) plays an important role in the 
transfer of heat in the North Atlantic Ocean {Tomczak & Godfrcy, 2003). The Gulf 
Stream proper is a western-intensified current, largely driven by wind stress, which 
flows across the open ocean. It separates in the region cast of 50°W (referred as the Gulf 
Stream extension) near the Newfoundland Rise (also called Grand Banks) into two 
branches giving the North Atlantic Current (NAC) flowing towards Scotland and the 
Azores Current, which is part of the subtropical gyre, streaming to the west (Tomczak & 
Godfrey, 2003). The NAC is mostly driven by thermohaline circulation carrying warm 
water northeast across the Atlantic Ocean along the boundary between the Subpolar and 
the Subtropical gyre (Stenseth et al., 2004). The inflows reach the Nordic seas 
(Greenland, Iceland and Norwegian Seas) and the Labrador Sea, where they are subject 
to deep convection and vigorous mixing (Fig. 1.1; Stenscth et al., 2004). Through these 
processes, the North Atlantic Deep Water (NADW) is formed, constituting the lower 
southward-flowing part of the MOC (Talley et al., 2003). There is evidence for a link 
between the MOC and abrupt changes in surface climate during the Earth history even if 
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the exact mechanisms involved rematn unclear (Clark et al., 2002). To date no 
consistent evidence for a trend in the mean strength of the MOC has been found over 
the modem instrumental record (Intergovernmental Panel on Climate Change, 2007a). 
Figure 1.1. Pathways associated with the transformation of warm subtropical waters 
into colder sub-polar and polar waters in the northern North Atlantic Ocean. (source: 
http://www.gsf.nasa.gov/topstory/2004/04 L5gyre.html) 
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l.B. The North Atlantic climate variability 
The climate of the North Atlantic Ocean displays a high variability which occurs at a 
large range of timescales (Stenseth et al., 2004). Multidecadal variations in sea surface 
temperature in the North Atlantic have been identified (Schlesinger & Ramankutty, 
1994). It has also been shown that global climate models dealing with external factors 
such as greenhouse gases and solar variations cannot explain entirely the multidecadal 
Atlantic variability {Andronova & Schlesinger, 2000), suggesting that this variability is 
more likely to arise from internal actions of the climate system. The Atlantic 
Multidecadal Oscillation (AMO) identified by Kerr (2000) has been linked with several 
climatic features such as the multidecadal variations in the summertime climate of both 
North America and Western Europe (Sutton & Hodson, 2005), and the Western 
Hemisphere rainfall and hurricanes in the United States (Goldenberg et al., 2001; 
Mccabe et al., 2004). However, the evidence for an Atlantic link is derived from 
observations showing correlation rather than causality (Sutton & Hodson, 2005). 
Therefore, understanding whether AMO-related changes are responsible for the 
observed variations in the North Atlantic climate is still an ongoing debate with 
climatologists. 
The major driving climatic force in the north Atlantic has been identified as the North 
Atlantic Oscillation (NAO) discovered by Walker (1924) at the same time as the El 
Niiio Southern Oscillation (ENSO; Van Loon & Rogers, 1978; Rogers, 1984; Hurrell et 
al., 2001). An index of its activity has been defined and is generally measured as the 
difference in normalised Sea Level Pressures (SLP) between Ponta Delgadas (Azores) 
and Akureyri {Iceland) in the winter season (December to February) (Rogers, 1984). A 
high and positive value in the winter NAO index reflects a higher than usual pressure 
difference between the subpolar and subtropical Atlantic (Fig. l.2.a). This augments the 
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influence of westerly winds, which increase temperature in the western part of Europe 
while an inverse pattern occurs on the eastern coast of Canada. When the NAO index is 
negative, this pressure difference is reduced and wind circulation changes over Europe 
(Northerly wind increases) which decreases winter temperature in Western Europe (Fig. 
1.2.b). The oscillation presents a cyclic variability with different periods of2.1, 8 and 
24 years and a multi-decadal signal (Fig. 1.3; Cook et al., 1998). Changes in the NAO 
index may affect the characteristics of the North Atlantic current system and the 
horizontal flow of the upper ocean through the alteration of the oceanic heat transport 
and therefore influence marine ecosystems (Dickson & Turrell, 2000). 
The cyclic variability of the NAO exerts a dominant influence on winter-time 
temperatures across the North hemisphere and therefore on the North Atlantic Ocean 
Sea Surface Temperatures (SST). In the same way, the Gulf Stream undergoes long-
term changes of latitude. The latitudinal position of the north wall of the Gulf Stream 
(GSNW) has been used as an indicator of climatic fluctuations over the North Atlantic 
{Taylor, 1995). The NAO and the GSNW displacement, as two strong signals of large-
scale hydro-climatic variations, are probably connected through atmosphere-ocean 
interaction (e.g. Ottersen & Stenseth, 2001 ). As stated by Planque ( 1996), they probably 
play an important role but at different time-scales, since both interannual and 
interdecadal fluctuations in surface ocean conditions in the North Atlantic are largely 
governed by wind-induced changes in the sea-air energy fluxes. They can be considered 
as a major source of hydro-climatologic variability in the North Atlantic Ocean and may 
therefore have a profound influence on a large variety of biological processes (Stenseth 
et al., 2004). Small but persistent changes in climate can have an impact on ecosystems. 
These changes occur naturally like, for example, in the case of ice ages and interglacial 
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periods. However, the 201b century highlights the possibility of climate changes through 
human activity. 
Figure 1.2. Simplified representation of the influence of the NAO in the North Atlantic 
Ocean during (a) a positive and (b) a negative index phase. Source http :// 
www.ldeo.columbia.edu/NAO created by Ian Bell and maintained by Ma1tin Visbeck. 
Figure 1.3. Changes in the NAO index from 1964 to 1997. Extreme positive events are 
in red while extreme negative events are represented in blue. Source http:// 
www.Ideo.columbia.edu/NAO created by Ian bell and maintained by Martin Visbeck. 
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l.C. Anthropogenic climate change 
The climate system can be defined as the interactions between the atmosphere, land 
surface, cryosphere, hydrosphere and biosphere (Intergovernmental Panel on Climate 
Change, 2007b). The climate system evolves through time due to its own internal 
dynamics and due to changes in external factors (also called forcings). The global mean 
surface temperatures have risen by 0. 74°C ± O.l8°C when estimated by a linear trend 
over the last I 00 years ( 1906-2005) and one part of this increase has been linked to a 
rise in the concentration of some greenhouse gases (GHGs) such as carbon dioxide and 
methane (Intergovernmental Panel on Climate Change, 2007a). By 2100, most 
projections of human-induced climate change fall into ranges of about 1.3 to almost 
4.5°C increase in annual global mean surface temperature compared to the period 1961-
1990 (Intergovernmental Panel on Climate Change, 200 I). Levitus et al. (200 I) suggest 
that the ocean heat content constitutes the major component of the variability of the total 
heat balance of the Earth. Both structure and functioning of ocean ecosystems are linked 
to climatic conditions which are expected to change with a changing climate. The 
potential response of ocean ecosystems to climatic variability has become more 
documented (Intergovernmental Panel on Climate Change, 2007b). 
1 .D. Copcpods as climate change indicators in the North Atlantic 
Ocean 
There are many cycles existing among most of the chemical elements present within an 
ecosystem. Some of them are cycling back and forth between organisms and their 
physical environment and are therefore called biogeochemical cycles (Nybakken, 200 I). 
The large-scale patterns of biogeochemical process in pelagic oceanic environments 
results from ocean climate, mostly from the seasonal cycles of vertical stability of the 
water column, nutrient supply, and intensity of illumination (Longhurst, 1995). Based 
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on that statement, the North Atlantic Ocean has been divided into four biomes called the 
Atlantic Coastal Biome, the Atlantic Polar Biome, the Atlantic Trade-Winds Biome and, 
the Atlantic Westerly Winds Biorne, each divided into a number of provinces (Fig. 1.4; 
Longhurst, 1998). Their ecological characteristics have been reviewed in Longhurst 
( 1998) and some complementary descriptions added in Beau grand et al. (200 1) and 
Beaugrand et al. (2002a) for the northern part of the North Atlantic Ocean and its 
adjacent seas. Also, large-scale variability of climate (e.g. both AMO and NAO) may 
temporarily rearrange the occurrence of provinces by changing the position of their 
borders. Recent studies have provided evidence of climate modifying benthic and 
pelagic ecosystems from plankton to fish to higher trophic levels. The impact of climate 
change has been particularly well documented for copepods (Roernmich & Mcgowan, 
1995). 
80° W 
ADR 
Figure 1.4. Main area (in grey) sampled by the Continuous Plankton Recorder survey 
from 1960 to 2002. Provinces as defined recently by Longhurst ( 1998) are indicated. 
Atlantic Polar Biome. SARC: Atlantic Subarctic Province. ARCT: Atlantic Arctic 
Province. Atlantic Westerly Winds Biome. NADR: North Atlantic Drift Province. 
NAST: North Atlantic Subtropical Gyral Province (West (W) and Eastern (E) part). 
GFST: Gulf Stream Province. Atlantic Coastal Biome. NECS : Northeast Atlantic 
Shelves Province. NWCS: Northwest Atlantic Shelves Province. The grey dash line 
represents the Oceanic Polar Front. (from Beau grand et al. 2001 ). 
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Copepods constitute a key trophic group, having a central role in the trophodynamics of 
pelagic ecosystems. These zooplankton organisms transfer energy from phytoplankton 
to higher trophic levels (Mauchline, 1998) and are often important in the diet of at least 
one developmental stage of some economically important fish species such as cod 
(Gadus morhua), herring (Clupea lwrengus) or mackerel (Scomber scombrus) (Sundby, 
2000; Beaugrand et al., 2003a; Orlova, 2005; Skreslet et al., 2005). They also represent 
a high proportion of the carbon biomass in the mesozooplankton, generally increasing 
with latitude (e.g. 33% in the Atlantic Trade Wind Biome, 53% for the Atlantic 
Westerlies Wind Biome and 69% in the Arctic Ocean, (Longhurst, 1998)). In the North 
Atlantic, the mesozooplankton are largely dominated by copepods and among them by 
the genus Calanus which constitutes a major resource to higher trophic levels and a 
potential important grazer for phytoplankton. Members of this genus are among the 
largest copepods and can contribute as much as 90% of the dry weight of the 
mesozooplankton in some regions such as the North Sea and the Celtic Sea (Bonnet, 
2005 and references therein). The copepod genus Calanus is widely distributed over the 
global ocean and, consequently, is found in almost all marine environments, from 
tropical to arctic regions. Among other things, the life cycle of some Calanus species in 
the North Atlantic Ocean is characterised by periods of dormancy called overwintering 
(Marshall & Orr, 1955) during the winter at a particular depth, this depth varies 
geographically (Heath et al., 1999a). Despite a number of studies focused on 
overwintering, it remains unclear whether this phenomenon is motivated to reduce 
predation risk and/or to diminish the respiration costs (e.g. Hirche, 1991; Miller et al., 
1991; Hirche, 1996; Kaartvedt, 1996). 
Due to Calanusfinmarchicus' place in the food web (e.g. Aksnes & Blindheim, 1996) 
and its importance as a prey for a large range of exploited fish (e.g. such as cod (Lynch 
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et al., 2001)), its wide distribution (e.g. Conover, 1988) together with high abundance 
often dominating the mesoplanktonic biomass (Heath et al., 2000), it constitutes a key 
structural species. C. finmarchicus is a mainly omnivorous calanoid copepod 
(Mauchline, 1998) which, before becoming adult (CVl), will develop through six 
naupliar (NI to NVI) and five copepodite stages (Cl to CV; Fig. 1.5). This species 
produces at least one generation per year in spring, most often followed by one or two 
more before the autumn (Conover, 1988) with a development time mainly linked with 
temperature (Campbell, 2001 ). Biogeographical studies necessitate dealing with the 
climate complexity, and associated biogeochemical cycles, as well as with the 
complexity of organisms' life cycles. This constrains most modelling studies to choose 
a strategic simplification (Speirs et al., 2006) by, for instance, ignoring the horizontal 
transport of the studied organisms (Carlotti & Radach, 1996). In this work, the 
ecological niche concepts were used to integrate all those sources of complexity in a 
common framework. 
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Figure 1.5. Schematic representation of the Calanus jinmarchicus life cycle. The eggs 
hatch into nauplii which develop through 6 moult stages (N l-N6) and then 5 copepodite 
stages (C l -C5) before becoming adul ts (C6). At certain times of year, stage 5 
copepodites may enter a dormant state (CS-D) in wh ich they may remain for many 
months before awakening and developing into adul ts. (From 
http://www.marlab.ac.uk/FRS.Web/Uploads/Docurnents/ME02Zooplankton). 
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l.E. Overview of the ecological niche concepts 
By controlling the quantity of nutrients available (e.g. vertical miXIng, upwelling), 
keeping individuals constituting a population together in the suitable place (e.g. Ekman 
convergence cells, lack of turbulences for the dispersion) or by driving the capability for 
an organism to colonise new environments (e.g. larvae dispersal), climate variability 
greatly influences the dynamics of both spatial and temporal patterns of species 
distribution (Stenseth et al., 2004). Many external forces occurring at different scales 
(from micro- to mega-scale) influence the variability of marine ecosystems. Therefore, 
identifying the main variables that drives the temporal variability of biological 
processes is complex (Araujo & Guisan, 2006). 
Species Distribution Models (SDMs) are models that relate observations of species over 
a period of time to various attributes of the environment (Guisan & Zimmermann, 2000; 
Guisan & Thuiller, 2005). SDMs are characterised by their reliance on the ecological 
niche concept (Guisan & Zimmermann, 2000). Many definitions of the ecological niche 
have been proposed (Grinnell, 1917; Elton, I 927; Hutchinson, 1957; Macarthur, I 958; 
Levin, 1970; Odum, 1971 ). Consequently, two different ways to conceptualise the 
ecological niche are often made. The first one is based on "functional" criteria while the 
second one is related to the concept of "habitat". 
Many definitions of habitat exist in the literature. The simplest is probably proposed by 
Morrison et al. ( 1998) which states that the habitat is "a place where an animal lives". 
Here the habitat is defined as a physical description of area where species lives. A 
habitat is usually described using abiotic and biotic features known to be important for 
an organism but it is not necessary to take into account the mechanistic links occurring 
between the parameters and the organism's fitness (Kearney, 2006). A habitat can exist 
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without reference to a species. For example, it is possible to define a typical Martian 
habitat without taking into account any Martian species. 
For Odum ( 1971) "the ecological niche of an organism depends on where it lives and on 
what it does". By extension, the habitat becomes the organism's address and the niche 
its profession. This definition is close to Elton (1927) ecological niche concept. This 
author compared the niche to the function of an organism in the community. This 
concept is therefore related to the location of the species within the food web and 
includes how the biomass and energy are distributed among the different trophic levels. 
Grinnell ( 1917) defined the niche as all the areas where an individual species can live if 
conditions are suitable for life. Grinnell's original explanation of the niche is aligned 
with the first ecological definition based on the ecological requirements and have 
therefore the same roots as the Hutchinson's (1957) definition. Hutchinson defined the 
niche of a species as the field of tolerance of the species to the principal factors of the 
environment. The niche can be represented in Euclidean space, with as many 
dimensions as there are factors, like a "n-dimensional hypervolume". When a few 
numbers of parameters are used, the niche of two species can still overlap. Adding the 
number of factors allows the relative importance of the overlapping to be reduced, 
leading possibly to the complete separation of the niche of two species (i.e. Gause's 
competitive exclusion principle (Gause, 1934)). A niche is not a place but more like a 
summary of the organism requirements and tolerance. Therefore, each habitat might 
provide many potential niches but according to Hutchinson's definition, only species 
have niches, not environments. 
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For the last 40 years, the niche concept has been refined. The distinction between 
fundamental and realised niche can be made in the Hutchinsonian framework. First, 
according to Gause's competitive exclusion priciple (Gause, 1934), a species will not 
utilise its entire fundamental niche, but rather the realised niche actually occupied by the 
species which will be smaller, only consisting of parts of the fundamental niche where 
the species is competitively dominant. But species not only respond to variation in the 
environment, they also change the environment in which they occur. Then the 
distinction between two cases can be made. The first case is when species interact 
directly with each other (e.g. predator-prey interactions or inter-specific territorial 
interactions) and the second case is for species interacting indirectly by jointly 
influencing the environments. Second, Pulliam (2000) propose to differentiate source 
habitats, where local reproduction exceeds local mortality from sink habitats where 
local mortality exceeds local reproduction. A habitat could be qualified as "sink-habitat" 
when the conditions (biotic or abiotic) are not suitable or sufficient for a species to 
complete its own life history. In a source-sink situation, a species can be expected to 
frequently occur outside the boundaries of its fundamental niche if the frequency of the 
immigration (dispersal) permits to maintain a large number of individuals in place 
despite the environmental factors. The result is that the realised niche can be larger than 
the fundamental one. 
l.F. Goals of the study 
Understanding the influence of climate on oceamc species distribution is crucial to 
fundamental and applied research in biogeography, ecology and wildlife management 
{Araujo & Guisan, 2006). Plankton play an important role in biogeochemical cycles and 
in the functioning of marine ecosystems. Because of their ability to integrate a wide 
range of hydrometeorological forcing it has been stressed that changes in the 
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composition and abundance of plankton species may act as indicators of climate change. 
The main aim of this work is to use information provided by the Continuous Plankton 
Recorder (CPR) survey combined with environmental databases to understand, assess 
and predict the potential impact of climate change in the pelagic ecosystems of the 
North Atlantic Ocean, focusing on the subarctic species Calanusfinmarchicus. 
All the ecological questions addressed in this work necessitate long-term information on 
both the physics and the biology of the North Atlantic Ocean. While physical data are 
generally widely available, biological information on the spatial, seasonal and decadal 
distribution of species are extremely rare. The Sir Alister Hardy Foundation for Ocean 
Science (SAHFOS) have been collecting plankton samples in the North Atlantic Ocean 
for more than 60 years using Continuous Plankton Recorders (CPR) which provides one 
of the biggest and most useful database of the world. 
The first chapter constitutes a general introduction to this work. The objectives were: 
(I) To present the North Atlantic Ocean and its climate variability. 
(2) To describe the role of Copepods in this Ocean. 
(3) To introduce the concept of ecological niches. 
The second chapter is focused on the Continuous Plankton Recorder survey conducted 
by the Sir ALister Hardy Foundation for Ocean Science. The objectives were: 
(I) To present the origin of the CPR concept. 
(2) To describe the sampling method and thereby to highlight both strength and 
weakness of the method. 
(3) To present some statistical analyses applicable on the CPR database. 
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The third chapter is focused on the determination of the environmental optimum level of 
both Calanus jinmarchicus and C. helgolandicus regarding 11 environmental 
parameters selected regarding their potential influence on the spatial distribution of both 
species (Helaouet & Beaugrand, 2007; Beaugrand & Helaouet, 2008). The objectives 
were: 
(I) To quantify the influence of each parameter on the spatial distribution of both 
Calanus species at a decadal scale. 
(2) To identify and to calculate the breadth of realised niches of both Calanus 
jinmarchicus and C. helgolandicus. 
(3) To provide a baseline to forecast the potential modifications in the abundance and 
spatial distributions of the two species expected with global climate change. 
The fourth chapter is focused on the relationship between both fundamental and realised 
niche of C. jinmarchicus at a macroecological level (Helaouet & Beau grand, 2009). The 
objectives were: 
(I) To provide a new method to assess the fundamental niche and to compare it with the 
realised one. 
(2) To combine results from the niches comparison with IPCC scenarios of temperature 
to assess the potential changes in the spatial distribution of the species that might occur 
during the 21st century. 
(3) To investigate the potential implications of those changes for lower and upper 
trophic levels and some biogeochemical cycles. 
The fifth and last chapter is focused on the impact of climate on C. jinmarchicus 
abundance and egg production rate at a seasonal scale (Helaouet et al., submitted). The 
objectives were: 
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(1) To refine at a macroecological scale the main abiotic factors impacting the spatial 
distribution of Calanusfinmarchicus in the North Atlantic Ocean. 
(2) To assess changes in the explicative power of those drivers at a seasonal scale. 
(3) To investigate the potential changes in the abundance of C. finmarchicus in some 
key regions by using a joint macroecological and ecophysiological methods based on 
the concept of the niche of Hutchinson ( 1957). 
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Chapter 2 
The continuous Plankton Recorder (CPR) survey 
lf the biogeochemical processes are altered by climate changes, major shifts in the 
planktonic population structure can be expected (Angel et al., 2007). The CPR survey 
account for the world's largest dataset to address major hypotheses on the structure and 
functioning of the North Atlantic plankton ecosystem related to climate changes. 
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Chapter2: The continuous Plankton Recorder (CPR) survey 
2.A. Concepts and history 
The Continuous Plankton Recorder survey (CPRs) is a large-scale plankton monitoring 
program. The CPR (the recorder) was towed for the first time during the "Discovery" 
expedition in the Antarctic in 1925-1927 over 1300 miles (Hardy, 1926). Since 1931 the 
CPR has been used on regular routes in the North Sea (Hardy, 1939). Since 1991, the 
CPR survey and the dataset have been managed by the Sir Alister Hardy Foundation for 
Ocean Science (SAHFOS). Now the CPR survey is the largest multi-decadal plankton 
monitoring prot,Tfamme in the world. The data on the near-surface abundance of phyto-
and zooplankton are available monthly from 1946 and at the end of 2006, this dataset 
amounts to 2,542,580 positives entries, counted for 519 phyto- and zooplankton taxa, 
many of which are identified to the species level. The list of the species is consultable 
on the SAHFOS website (http://www.sahfos.org/). CPR data have become increasingly 
important as a baseline to assess impacts of global change on pelagic ecosystems. This 
is an important set of tools for all those concerned with biodiversity loss, climate 
change, eutrophication, pollution, harmful algal blooms and sustainable fisheries 
(Brander et al., 2003). 
After the prototype device, two new kinds of recorder have been deployed (Fig. 2.6). 
The first one is called the "diving plane" which was used until 1975-1980 then it was 
replaced by a new version, "box-tail", within a greater stability at higher speed (Fig. 
2.7). It has been shown that all the different changes have not affected the time-series 
(Hays & Warner, 1993; Hays, 1994; Warner & Hays, 1994; Batten et al., 2003; Reid et 
al., 2003a; Jonas et al., 2004). 
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Figure 2.6. Original Hardy Continuous Plankton Recorder, 1925 (source: Andy Bleck). 
a b 
Figure 2.7. The two different kind of plankton recorder used since the beginning of the 
study. The first one (a) is the "diving plane" and the second one (b) is " the box-tail". 
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2.B. Sampling and sub-sampling 
The CPR is towed behind ships of opportunity on their normal trading routes at their 
conventional operating speeds (15-20 knots) without any scientists on board. A fixed 
sub-surface depth (a standard depth of 7 m) was chosen to give the most consistent 
results in the relatively shallow North Sea (Hays & Warner, 1993). Water enters the 
CPR through a square aperture 1.27 cm 1.27 cm (1.61 cm2) (Fig. 2.8) down an 
expanding tunnel, which effectively reduces the water pressure to minimise damage to 
the captured plankton, and exits through the rear of the device (Fig. 2.8). The movement 
of the water past the CPR turns an external propeller at the rear of the device that 
operates a drive shaft and gear system, which advances the silk filtering mesh. Plankton 
in the water are filtered onto this constantly moving band of silk. The filtering silk 
meets a second band of covering silk, effectively sandwiching the plankton, and is then 
wound onto a spool in a storage tank containing formalin. The mesh size of the silk is 
270 11m in order to give an adequate representation of copepods, cladocera, pteropods, 
and chaetognaths, but also to give an indication of blooms of large phytoplankton, while 
reducing clogging by small phytoplankton cells (Hardy, 1939). Despite the relatively 
large size of the mesh, small phytoplankton are still retained on the silk. 
After towing, the CPR is returned to the laboratory and the silk is removed from the 
storage tank. The silk is divided into samples corresponding to l 0 nautical miles ( 18.5 
km) of towing (equivalent to about 3 m3 of sea water filtered assuming 100% filtration 
efficiency; Jonas et al., 2004). Positions and times of each sample are estimated with the 
knowledge of the start and the end of each tow as well as possible changes in the 
direction and the speed of the ship. The identification and plankton counting is realised 
in four steps: 
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2.B.l. Step 1. It consists of an estimation of the colour of the silk in order to give an 
index (called greenness index) of concentration of chlorophyll in the environment. 
There are four different categories of colour (no colour, very pale green, pale green and 
green). 
These four levels of the phytoplankton colour index (PCI) represent the amount of 
phytoplankton pigment on the silk and have been assigned numerical values on a ratio 
scale based on acetone extracts using spectrophotometric methods (Colebrook & 
Robinson, 1965). 
2.B.2. Step 2. Phytoplankton are identified and counted to species level when it is 
possible. More than 200 phytoplanktonic species or taxa are identified. Subsampling of 
the silk is processed by selected 20 fields under a x400 magnification (295!J.m diameter 
view) on one of the diagonals ofthe silk. These 20 fields amount to 1110,000 of the area 
of the filtering silk. Abundance of each phytoplankton taxonomic category is 
determined by counting the number of fields in which each taxon is detected. This has 
been derived from the Poisson distribution, which assumes organisms are randomly 
distributed on the silk (Colebrook, 1960). 
The methodology of the step I and step 2 have been unchanged since 1958. 
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Figure 2.8. A cross-section of the CPR, its internal mechanism and CPR body. 
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2.B.3. Step 3. This consists of an examination of zooplankton that are generally 
smaller than 2 mm. Over 70 species or taxa are identified at this stage. Five fields (2.06 
mm diameter view) on one of the diagonals of both filtering and covering silks are 
studied under a x45 magnification. It assumes retained organisms are uniformly 
distributed on the silk. This procedure examines 1150 of the silk. 
2.B.4. Step 4. This consists of an identification of the zooplankton greater than 
Metridia lucens stage V in size (>2 mm total length: (Rae, 1952)). More than 150 
species or taxa are identified at this step. A category system is used to count the 
zooplankton in order to reduce the time of the analysis. The method is described in 
details in Colebrook (1960), Colebrook & Robinson (1965) and Warner & Hays (1994). 
Quality control checks are carried out at all stages of the analysis and the data 
processing. If high variations are detected between two samples related in space or time, 
an analyst is asked to re-analyse the sample. 
2.C. Overview of statistical methods applied to CPR data 
2.C.J. Descriptive methods applied to CPR data 
Until the middle of the 70's, investigations of CPR data were carried out using graphs, 
contour diagrams and maps while most statistical analyses were restricted to one 
dimension. This led rapidly to good progress in describing the biogeography of species 
around United Kingdom (Lucas, 1940; Colebrook et al., 1961a; Robinson, 1961) such 
as the coastal distribution of Centropages hamatus and Ceratium fitsus (Colebrook et 
al., 196lb). This way of investigating CPR results is still used nowadays, although the 
multivariate statistics have increased drastically the quantity of information extracted 
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from CPR dataset (Beaugrand et al., 2003b). The aim of this section is not to provide a 
thorough description of all statistics methods used in ecology with CPR data but rather 
to show the range of applications the use of modem statistics provides. 
2.C.2. Multivariate analyses 
After this descriptive period, it appeared that the huge quantity of multidimensional 
information provided by the survey had to be sorted and reduced. Methods of ordination 
in reduced space have been applied extensively to CPR data. Their aim being to 
represent the relationships between objects and observations by reducing the number of 
dimension (Legendre & Legendre, 1998). Standardised Principal Component analysis 
(PCA) was applied for the first time by Colebrook (1964) to investigate patterns of 
variability of 22 taxa around United Kingdom using eigenvectors. The author showed 
the separation of the 22 taxa into 5 species associations (northern and southern oceanic, 
northern and southern intermediate, and neretic) and specified that their location were 
partially explained by the synergistic effects of temperature, seasonal variability of the 
temperature and salinity. PCA (e.g. Colcbrook, 1964; Colebrook, 1978; Colebrook, 
1982; Reid et al., 1998; Reid & Beaugrand, 2002), three-mode PCA (e.g. Jolliffe, 1986; 
Beaugrand et al., 2000; Edwards, 2000) and non-metric multidimensional scaling (e.g. 
Kruskal, 1964; Lindlcy, 1987; Lindley & Williams, 1994) are perfect examples of 
ordination in reduced space applied to the data set. 
Another way to describe relationships between objects or descriptors was to investigate 
rearrangement of an association matrix. For example Colebrook (1969) used the method 
"seriation" to examine geographical similarities in the interannual variability of Temora 
longicornis in the North Sea. This opened the way to cluster analyses which are new 
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powerful multivariate tool usmg almost any distance or similarity matrix between 
objects or descriptors. This method can fit with the type of data (e.g. quantitative, semi-
quantitative or qualitative data) and nature (abundance or presence/absence) by 
changing the coefficient of association. 
Over the years, the CPR data have been used in many biogeographical studies 
(Beaugrand et al. 2003b and references therein), generating the deployment of 
numerous statistical analyses (Beaugrand et al. 2003b). Jn this work, the standardised 
principal component analysis has been used to extract the relevant information in many 
tables derived from the CPR datasct. PCAs are unconstrained ordination using Euclidian 
distance and arc mostly used to visualise multidimensional dataset (by reducing the 
number of dimensions). PCAs are also a good way to remove correlations (in the new 
table, constituted by two axes, points have a null correlation), to reduce the inherent 
variability that occurs in most biological dataset (considering that removed axis are 
noisy) and to classify data in clusters. All those features make together the PCA an 
accurate tool to investigate the macroecology using CPR data. 
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Chapter 3 
Macro-ecological study of the niche of Calanus finmarchicus 
and C. helgolandicus in the North Atlantic Ocean and 
adjacent seas 
The present chapter is constituted by the following two papers: 
Helaoui!t, P., Beaugrand, G., 2007. Macroecology ofCalanusjinmarchicus and C. 
he/golandicus in the North Atlantic Ocean and adjacent seas. Marine Ecology Progress 
Series. 345, 147-165. 
Beaugrand, G., Helaoui!t, P., 2008. Simple procedures to assess and compare the 
ecological niche of species. Marine Ecology Progress Series 363, 29-37. 
Global climate change is expected to modify the spatial distribution of manne 
organisms. However, projections of future changes should be based on robust 
information on the ecological niche of species. This paper presents a macroecological 
study of the environmental tolerance and ecological niche (sense Hutchinson, i.e. the 
field of tolerance of a species to the principal factors of its environment) of Calanus 
jinmarchicus and C. helgolandicus in the North Atlantic Ocean and adjacent seas. 
Biological data were collected by the Continuous Plankton Recorder (CPR) survey, 
which samples plankton in the North Atlantic and adjacent seas at a standard depth of 7 
m. 11 parameters were chosen including bathymetry, temperature, salinity, nutrients, 
mixed-layer depth and an index of turbulence compiled from wind data and chlorophyll 
a concentrations (used herein as an index of available food). The environmental window 
and the optimum level were determined for both species and for each abiotic factor and 
chlorophyll a concentration. The most important parameters that influenced abundance 
and spatial distribution were temperature and its correlates such as oxygen and 
nutrients. Bathymetry and other water-column-related factors also played an important 
role. The ecological niche of C. jinmarchicus was larger than that of C. helgolandicus 
and both niches were significantly separated. Our results have important implications in 
the context of global climate change. As temperature (and to some extent stratification) 
is predicted to continue to rise in the North Atlantic sector, changes in the spatial 
distribution of these 2 Calanus species can be expected. Application of this approach to 
the 1980s North Sea regime shift provides evidence that changes in sea temperature 
alone could have triggered the substantial and rapid changes identified in the dynamic 
regimes of these ecosystems. C. jinmarchicus appears to be a good indicator of the 
Atlantic Polar Biome (mainly the Atlantic Subarctic and Arctic provinces) while C. 
helgolandicus is an indicator of more temperate waters (Atlantic Westerly Winds 
Biome) in regions characterised by more pronounced spatial changes in bathymetry. 
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Chapter 3: Macro-ecological study of the niche of Calanus 
finmarchicus and C. helgolandicus in the North Atlantic 
Ocean and adjacent seas 
3.A. Introduction 
Understanding the consequences of variability in climate on pelagic ecosystems requires 
a clear identification of the factors driving variability in the abundance of each species 
and the parameters or processes that control their geographical distribution. 
Biogeographical studies are essential and provide a baseline for evaluation of the impact 
of climate on ecosystems (Longhurst, 1998; Beaugrand, 2003). 
The high nutrient supply in the temperate and subpolar part of the North Atlantic Ocean 
results in high planktonic production (Ducklow & Harris, 1993; Longhurst, 1998). This 
region is influenced by the North Atlantic Current which transfers energy and heat from 
the SW oceanic region of Newfoundland to the NE part of the North Atlantic Ocean 
(Krauss, 1986). This current also has a profound impact on plankton diversity 
(Beau grand et al., 200 I). The North Atlantic Ocean is divided into 3 biomes: called the 
Atlantic Polar Biome, the Atlantic Westerly Winds Biome and the Atlantic Coastal 
Biome, each divided into a number of provinces (Fig. 1.4; Longhurst, 1998). Their 
ecological characteristics have been recently reviewed by Longhurst ( 1998) and some 
complementary descriptions have been added by Beau grand et al. (200 I) and 
Beaugrand et al. (2002b) for the northern part of the North Atlantic Ocean and its 
adjacent seas. 
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Copepods constitute a key trophic group, with a central role in the trophodynamics of 
pelagic ecosystems. These planktonic organisms transfer energy from the phytoplankton 
to higher trophic levels (Mauchline, 1998) and are often important in the diet of at least 
1 developmental stage of economically important fish species such as cod, herring or 
mackerel (Sundby, 2000; Orlova, 2005; Skreslet et al., 2005). Copepods represent a 
high proportion of the carbon biomass in the mesozooplankton, generally increasing 
with higher latitude (e.g. 33% for the Atlantic Trade Wind Biome, 53% for the Atlantic 
Westerly Winds Biome and 69% for the Arctic Ocean, (Longhurst, 1998)). Members of 
the genus Ca!anus are amongst the largest copepods and can comprise as much as 90% 
of the dry weight of the mesozooplankton in regions such as the North Sea and the 
Celtic Sea (Bonnet (2005) and references therein). The congeneric calanoid copepod 
species C. jinmarchicus and C. helgo/andicus have been well studied (e.g. Planque & 
Fromentin, 1996; Bonnet, 2005). They are morphologically so similar that they were not 
distinguished until 1958 in the Continuous Plankton Recorder (CPR) survey (Planque & 
Fromentin, 1996). However, their spatial distribution differs significantly (Beaugrand, 
2004a). C. finmarchicus is mainly located in the Atlantic Polar Biome north of the 
Oceanic Polar Front (Dietrich, 1964; Beaugrand, 2004a; Fig. 1.4) while the pseudo-
oceanic species C. helgolandicus occurs in more temperate waters south of the Oceanic 
Polar Front, mostly located above European shelf-edge in the Atlantic between 40° and 
60°N (Beaugrand, 2004a; Bonnet, 2005). In regions (e.g. the North Sea) where they 
occur together, the 2 species generally have different seasonal timing (Beaugrand, 
2003). Some studies have also reported different depth of occurrence at the same 
location (Bonnet (2005) and references therein). 
Differences in the spatial or/and temporal patterns of variability in both species of 
Calanus suggest different responses to environmental variability. It is therefore 
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important to identify their environmental preference (window or tolerance interval) and 
their environmental optimum level. When the preference of more than one factor has 
been determined, the ecological niche (sense Hutchinson (1957)) can be calculated (i.e. 
the field of tolerance of a species to the principal factors characteristics of its 
environment). The niche can be represented in a Euclidean space with as many 
dimensions as factors considered. When a few numbers of parameters are used, the 
niche of 2 species may overlap. Increasing the number of factors reduces the relative 
importance of such overlap and often enables the complete niche separation (Gause 
competitive exclusion hypothesis (Gause, 1934 )). Abiotic parameters are related to both 
geographical (e.g. topography) and water-column factors (e.g. nutrient concentration) 
which influence directly the physiology (e.g. growth, development and mortality rates 
(Carlotti et al., 1993) or reproduction of a species (Hall, 2002; Halsband-Lenk, 2002)). 
This study investigated abiotic environment and chlorophyll a concentration (as an 
index of available food), which makes the Hutchinson ecological niche a more suitable 
concept, often preferred in this type of work (e.g. Pulliam, 2000; Guisan & Thuiller, 
2005). 
Despite the large number of studies on the biology and ecology of both C. jinmarchicus 
and C. helgolandicus (e.g. Carlotti et al., 1993; Hirst & Batten, 1998; Heath et al., 
1999a; Bonnet, 2005) many gaps in our knowledge remain. Herein we employ a 
macroecological approach using large data sets of 11 abiotic parameters and data from 
the CPR survey to (I) determine the environmental preference and optimum level of 
both species for each environmental parameter, (2) quantify the influence of each 
parameter on both species, (3) identify and ( 4) calculate the breadth of their ecological 
niches. The temporal stability of the temperature profiles of both species is also 
investigated. A baseline is provided for use in forecasting modifications in the 
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,change. 
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3.B. Materials and methods 
3.B.J. Biological data 
Data on the abundance of Calanus jinmarchicus and C. helgolandicus were provided by 
CPR survey, a large-scale plankton monitoring programme initiated by Sir Alister 
Hardy in 1931. The CPR is a robust instrument designed for use by seamen on 
commercial ships. Management and maintenance of the survey have been carried out by 
the Sir Alister Hardy Foundation for Ocean Science (SAHFOS) since 1991. CPR 
instruments arc towed at a depth of 7 m (Reid et al., 2003a) and the survey has 
monitored plankton ecosystems at this depth only (Batten et al., 2003). Therefore, it 
might be dangerous to infer the Hutchinson ecological niche from a single depth. 
However, calanoid copepods migrate vertically (Daro, 1985) and because CPR 
sampling is carried out during day and night, it is unlikely that this process influenced 
too much the measurement of the Hutchinson ecological niche in this study. 
Water enters through an inlet aperture of 1.61 cnl and passes through a 270 Jlm silk 
filtering mesh (Batten et al. 2003). Individuals greater than 2 mm such as copepodite 
stages CV and CVI of C. jinmarchicus and C. helgolandicus are then removed from 
both the filtering and covering silk. Generally, all individuals are counted, but for 
particularly dense samples a sub-sample is taken (Batten et al. 2003). Data used in this 
study correspond to copcpoditc stages CV and CVI. Despite the near surface sampling, 
studies have shown that sampling gives a satisfactory picture of the epipclagic zone 
(Batten et al. 2003). This programme has made it possible to obtain one of the greatest 
databases on marine plankton. Currently, about 200,000 samples have been analyzed, 
each giving information on the presence and/or the abundance of more than 400 
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plankton species every month since 1946 in both the temperate and subpolar region of 
the North Atlantic Ocean. 
3.B.2. Environmental data 
The zone investigated in this study extended from 99.5°W to 19.5°£ of longitude and 
29.5°N to 69.5°N of latitude. Eleven environmental factors were chosen (Table 3.1). 
Sea Surface Temperature (SST) was essential to take into account because of its 
recognized influence on plankton (e.g. Re id & Edwards, 2001 ). An indicator of the 
water turbulence (induced by wind) was used because it has been shown that the effect 
of wind, by its impact on the water column stability, influences plankton populations 
(Heath et al., 1999a). The index of turbulence and SST originated from the 
Comprehensive Ocean-Atmosphere Dataset (COADS) and was down1oaded from the 
internet site of the National Oceanographic Data Centcr (NODC) (Woodruff et al., 
I 987). This centre manages acquisition, controls quality and ensures the long-term 
safeguarding of the data. 
Salinity also constitutes an important limiting factor for many species. This parameter, 
as well as silicates, phosphates, nitrates and dissolved oxygen were downloaded from 
the World Ocean Atlas 2001 (WOAI) database. Values corresponded to a depth of 10m. 
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Table 3.1. Origin and characteristics of the environmental data used in this study. 
Data Source Spatial Resolution Type Units Data Number (in million) 
Biotic Sir Alister Hardy Foundation for Ocean (no grid) Each month for Individual 0.2 per Science 1946·2002 number species 
Sea Surface National Oceanographic Data Center 260.5'E to 29.5'E Monthly mean 69.5N to 30.5N oc 33.5 Temperature (GOADS) 
each 1"' degre 1960-2002 
Wind-induced National Oceanographic Data Center 260.5'E to 29.5'E Monthly mean 69.5N to 30.5N m3 s-3 33.5 turbulence index (GOADS) 
each 1 .. degre 1960-2002 
99.5'W to 19.5E Monthly mean Salinity Wo~d Ocean Atlas 2001 89.5'N to 1 0.5'N psu 2.8 
each 1 g degre (climatology) 
99.5'W to 19.5E Monthly mean Silicate World Ocean Atlas 2001 89.5'N to 10.5'N 1Jmol.r' 2.8 
each 1 .. degre (climatology) 
99.5'W to 19.5E Monthly mean Phosphate Wo~d Ocean Atlas 2001 89.5'N to 10.5'N IJmol.r' 2.8 
each 1' degre (climatology) 
99.5'W to 19.5E Monthly mean Nitrate World Ocean Atlas 2001 89.5'N to 1 0.5'N 1Jmol.r1 2.8 
each 1 .. degre (climatology) 
99.5'W to 19.5E Monthly mean Oxygene dissolved World Ocean Atlas 2001 89.5'N to 1 0.5'N ml.l'1 2.8 
each 1 .. degre (climatology) 
BO'W to 20'E Monthly mean Bathymetry General Bathymetric Chart of the Oceans 90'N to 10'N m 27.4 
each 0.4 • degre (climatology) 
Spatial variability in 99.5'W to 19.5'E Monthly mean General Bathymelric Chart of the Oceans 69.5'N to 29.5'N m 0.058 the bathymetry 
each 1" degre (climatology) 
Sea-viewing Wide Field-of-view Sensor 1 oo·w to 30'E Monthly mean Chlorophyll 70'N to 40'N mg.m-3 18.8 (SeaWIFS) 
each 0.5' degre 1997-2002 
179.5'W to 179.5'E Monthly mean Mixed Layer Depth World Ocean Circulalion Experiment 89.5'N to 89.5'S m 0.8 
each 1 o degre 1941-2002 
Bathymetry was selected because it has been suggested that this parameter influences 
the distribution of some copepod species (Beau grand et al., 200 I). Bathymetry data 
originate from the database General Bathymetric Chart of the Oceans (GEBCO). The 
spatial variability in the bathymetry was assessed over the studied area. In a 
geographical cell of 1 o latitude and 1 o longitude, the average and standard deviation of 
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bathymetry data were first calculated (225 data per geographical cell). Then, the 
coefficient of variation (CVB) was calculated as follows: 
with ms being the average and ss the standard deviation of the bathymetry in each 
geographical cell. A high variability in the bathymetry occurred generally over 
continental slope regions. 
Chlorophyll a is a potentially influential parameter because the two selected species are 
mainly herbivorous (Mauchline, 1998). However as Kleppel (1993) showed and 
Mauchline ( 1998) stressed, the dietary requirements of copepods change from the first 
nauplii stage to the adult stage and are likely to vary at both diel and seasonal scales. 
Furthermore, it is likely that both Ca/anus species also feed on the microzooplankton 
(Mauchline, 1998). Therefore, the chlorophyll a value should only be considered as an 
index of food availability. Chlorophyll a values originated from the programme and 
satellite Sea-viewing Wide Field-of-view Sensor (SeaWIFS) from the National 
Aeronautics and Space Administration (NASA). 
The Mixed Layer Depth (MLD) is another indicator of water column stability. Contrary 
to the index of turbulence, this parameter is built from vertical profiles of temperature 
and salinity. Mixed layer depth data come from a compilation of about 4.5 million 
profiles gathered by National Oceanographic Data Center (NODC) and World Ocean 
Circulation Experiment (WOCE). These profiles are the result of the analysis of data 
from 1941 to 2002 and originate from various measuring instruments like conductivity-
temperature-depth {CTD), mechanical bathytherrnograph (MBT) or expendable 
bathytherrnograph (XBT). 
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3.B.3. Pre-processing of the data 
The first stage of the analysis consisted of the homogenisation both environmental and 
biological variables. The abiotic databases were different by their dimension, grid or 
organisation (see Table 3.1). All original data tables were converted into three types of 
matrix: (I) matrices (2.48 millions data points) with data for each month and year for 
the period 1960-2002 (temperature, wind stress); (2) matrices (57600 data points) with 
data for each month (nutrients, oxygen, chlorophyll a, mixed layer depth) based on the 
average of time periods ranging from 5 to 43 years; (3) matrices ( 4800 data points) 
without information on time (bathymetry and spatial variability in the bathymetry). The 
three types of environmental grids were used to regularise biological data so that no 
spatial interpolation was made. An arithmetic mean was calculated when the number of 
data for a given location and time period was greater than I. 
3.B.4. Statistical analyses 
Figure 3.9 summarises the different statistical analyses performed in this study. 
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Analysis 1. Characterisation of the environmental 
preferendum and optimum for both Calanus species 
at a seasonal scale 
Months Preferendum Optimum 
1 Sp 1 Sp 2 Sp 1 Sp 2 
2 
... 
12 
11 
Biological 
data table 
Sp 1i Sp 2 
Analysis 2. Quantification of the importance of 
each environmental parameter by PGA at a 
seasonal scale 
Normal ized Principal Biological 
eigenvectors components data 
1st! 2nd! 3rd 
1st i 2odl3'd Sp 1j Sp 2 ! 
! 
Analysis 3. Identification of the ecological niche 
of both Calanus species at a seasonal scale 
Ecological niche 
Sp 1 Sp 2 
Analysis 4. Quantification of the breadth of the 
ecological niche and comparison for each species 
at a seasonal scale 
Analysis 5. Thermal profile of both Calanus as a 
function of the state of the North Atlantic 
Oscillation 
Analysis 6. Thermal profile of both Calanus as a 
function of CPR data for dayligth and dark periods 
Figure 3.9. Summary of the different statistical analysis performed in the chapter. 
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3.B.4.A. Analysis 1: Characterisation of the environmental preference and optimum 
of both Calanus species at a seasonal scale 
The preference of each Calanus species was identified for every environmental variable 
(a total of 22 environmental profiles, 2 species x 11 environmental parameters). A 
profile was a contour diagram of a matrix 12 months x n environmental categories. To 
determine the number of environmental categories, the minimum and maximum values 
were first calculated. Then, intervals were chosen by trial and error, being a compromise 
between the resolution of the profile and the number of missing data that rose when the 
resolution increased. The profile matrix was assessed by averaging abundance data for 
each month and environmental category. Abundance data were log-transformed 
(log10(x+ I)) to limit the influence of extreme values. 
3.8.4.8. Analysis 2: Quantification of the importance of each environmental 
parameter at a seasmral scale 
A Principal Components Analysis (PCA) was used to quantify the influence of each 
abiotic factor and chlorophyll a concentration (used here as an index of available food) 
on the spatial and seasonal changes in Calanus abundance at the scale of North Atlantic 
Ocean (Fig. 3.9). An algorithm that took into consideration missing data was utilised for 
the calculation of the eigenvectors (Bouvier, 1977). This method of ordination made 
possible to summarise multivariate information in a reduced number of dimensions: the 
principal components (Jolliffe, 1986). The normalised eigenvectors allowed the 
identification of the variables that contribute the most to the principal components. The 
PCA was calculated on the table (120 longitudes x 40 latitudes x 12 months) x 11 
environmental variables. The spatial grid had a resolution of I o longitude and I o 
latitude. This table was centred and reduced prior to the application of the analysis to 
remove any effect of scale between environmental variables. 
38 
3.B.4.C. Analysis 3: Identification of the ecological niche of both Calanus species at a 
seasonal scale 
To identify the ecological niche of both spec1es, we used the first three principal 
components. The concept of ecological niche utilised in this study was the one of 
Hutchinson ( 1957) which states that the niche is the field of tolerance of a species to the 
principal factors of the environment. The concept is refined here while holding of the 
recent improvements discussed by Frontier et al. (2004). In particular, our analysis takes 
into account that some factors are not independent but covary either positively or 
negatively. The use of principal components decreases the effect of multicollinearity in 
the data (Legendre & Legendre, 1998). We repeated the procedure used in Analysis I to 
map the ecological niche of both Calanus species as a function of principal components 
(linear combination of environmental factors). 
3.B.4.D. Analysis 4: Quantification and comparison of the species Hutchinson's 
niches 
Quantification and companson of the Hutchinson's niches for both Calanus were 
performed for 4 different categories of abundance. The first category was based on all 
presence data. The value of the 11 environmental variables was retained when an 
individual (of C. finmarchicus or C. helgolandicus) was recorded in a geographical cell 
that belongs to the environmental grid of I o x I o (from 99.5°W to 19.5°E of longitude 
and 29.5°N to 69.5°N of latitude). A total of 24 subsets was determined ( 12 months x 2 
species). A similar procedure was applied for three other categories. The second 
category gathered Calanus data greater than the first quartile, the third category was for 
Calanus data greater than the median and the fourth category contained Calanus data 
superior to the third quartile. The breadth of the niche becomes lower from category I to 
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category 4. Indeed, this latter category goes towards the centre of the niche. The 
quartiles and the median were assessed from the biological data table (see Fig. 3.9). 
Therefore, the quantification and the comparison of the Hutchinson's niche for both 
Calanus were made for 24 x 4 = 96 subsets. 
To assess and compare the Hutchinson's niche of both Calanus species, a numerical 
analysis based on Multiple Response Permutation Procedures (MRPP) was utilised 
(Mielke, 1981; Zimmerman, 1985). MRPP has been often applied with Split Moving 
Window Boundary analysis (Webster, 1973) to detect discontinuities in time series 
(Comelius & Reynolds, 1991 ). For example, this method was applied to detect the 
substantial and rapid changes called regime shift (Reid & Edwards, 200 I) that occurred 
in North Sea plankton ecosystems (Beaugrand, 2004a). The method quantifies the 
breadth of the niche of the two species of Calanus and tests if theirs niches are 
statistically different. First, the quantification of the niche was made by calculating the 
mean Euclidean distance for each subset based on the L I environmental parameters. The 
higher the mean Euclidean value, the greater the Hutchinson's niche. Second for a given 
month and category, a weighted mean of the Euclidean distance of both species niche is 
calculated (for a given month and category). Then, the weighted distance is tested by 
permutations of one of the original subset. A number of 10,000 permutations was 
selected. For each simulation, the weighted distance was recalculated and the 
probability that the separation of the niche of C. jinmarchicus and C. helgolandicus be 
significant was given by the number of times the recalculated weighted distance was 
inferior to the observed one. A full description of the method is performed below with a 
simple fictive example. 
3.B.4.D.J. Rationale of the technique 
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Let X (m,p) be the matrix of p environmental variables with the m environmental 
categories. Each cell of X represents the centre of the interval of an environmental 
variable (Fig. 3.10). Let C(p,l) be the vector that contains the total number of category 
for each of the p variables. The number of rows m in X is given by: 
p 
m= f1 c; {l) 
i~l 
Let Y(m,s) be the vector with m abundance or presence/absence values corresponding 
to the m environmental categories for the s species (Fig. 3.10). Missing data are often 
present in the matrix and correspond to an environmental category that was not 
sampled. The amount of missing data increases with the number of environmental 
variables (and therefore m). Only rows of X for which the species was detected (or 
belong to a certain category of abundance) are considered in the calculation. Therefore, 
the number ofrows n to be tested often varies between species (and n:::: m, Fig. 3.1 0). 
The analyses were used based on occurrence data {all environmental data for which 
species are >0, case I, Fig. 3.1 0). For example, the data point for a temperature class 
centred on l0°C, a salinity class of34.75 and a spatial bathymetry variability class of-
45 was considered as abundance data for C. jinmarchicus was superior to 0 in these 
environmental intervals. This was not so for C. helgolandicus. The procedures were also 
used for abundance data > first quartile (case 2), data > median (case 3), data> third 
quartile (case 4). The first quartile, the median and third quartile were assessed for each 
species from matrix Y. Figure 3.10 illustrates reshaping and building of the matrices 
used in the analyses. 
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compansons 
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Case 1 
all x, for y ,?0 
for species 2 
Case 2 
all x, for y,2> 
firsl quartile 
for specie 2 
Case 3 
all x, for Y,2> 
median 
for specie 2 
Case 4 
all X; for y12 > 
third quartile 
for species 2 
Figure 3.10. Origin of matrices tested in this chapter. Comparisons between species 
niche were performed for each case. 
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3.B.4.D.2. Assessment of the niche breadth 
For each species and case (Fig. 3.10.), the breadth of the ecological niche is assessed by 
calculating the Euclidean distance between all possible pairs of points. The Euclidean 
distance between the rows and in the matrix j x k x X (i.e. n rows that represent the 
environmental categories in which the species is either >0, or >first quartile, or 
>median, or >third quartile according to the different cases and p columns representing 
the number of environmental variables) is calculated as follows: 
d(xj,xk)= I(xj,i -xk) (2) 
i=l 
With p the number of environmental variables. The total number of Euclidean distances 
g to be calculated for a species (and a case) is: 
g = n(n -1)/2 (3) 
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With n the number of rows in X. Calculations are illustrated with a simple example 
(Table 3.2 and Fig. 3.12). ln this example n=3 for species 1. Therefore, three Euclidean 
distances should be calculated (g=3, Table 2). Calculations give d (xt,x2)=2.236, d (xt,xJ) 
=2.000 and d (x2,x3) =2.236. 
Then for each case and species, the mean Euclidean distance E is calculated to assess the 
breadth of the ecological niche: 
E = ..!.=)__ ( 4) 
g 
Table 3.2. Fic tive example showing the occurrence of three species according to 2 
environmental variables. 
Species 1 
Factor 1 Factor 2 
I 
2 
3 
3 
I 
Species 2 
Factor 1 Factor 2 
rntransformed data 
4 4 
5 2 
5 5 
7 4 
Species 3 
Factor 1 Factor 2 
1 
3 
6 
7 
2 
3 
5 
With g the total number of Euclidean distances calculated from X. ln the example 
( bl 3 0 ) 2.236 + 2.000 + 2.236 2 57 C' 0 4 C' Ta e .2, Fig. 3.1 1 , E = = .I tOr species 1, ~::=2. 52 10r 
3 
species 2, ~::=4.392 for species 3. Therefore, the breadth of the ecological niche (only 
based on 2 factors here) is greater for species 3, then species 2 and species I (Fig. 3. 11 ) . 
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Figure 3.11. Hypothetical ecological niche (sensu Hutcbinson) of three species in the 
space of two factors. All possible Eucl idean distances are indicated for species I and 2. 
Data are presented in Table 2. 
3.B.4.D.3. Test of niche separation 
The following non-parametrical teclmique known as Multiple Response Permutation 
Procedures (MRPP test (Mielke, 1981 ; Zimmerrnan, 1985)) can then be applied to test if 
the species have different ecological niches. Test 8 between species 1 and 2 (2 species) 
and a given case is calculated as being the weighted mean of the values £: 
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With gl and g2 the total number of Euclidean distances calculated for species I (matrix 
XI} and species 2 (matrix X2), respectively (see Fig. 3.10). E1 and Ez are the mean 
Euclidean distances for species I and 2, respectively. 
The probability value of the MRPP statistics is assessed by permutations (Zimmerman, 
1985). For comparison of the ecological niche of two species (e.g. species I and 2), the 
number of possible permutations PE I ,2 is: 
In the example, PEI.2=35 permutations, PE1,3=35 permutations, PE2.3=?0 permutations. 
The probability p1,2 (e.g. species I and 2) is assessed by calculating the following ratio: 
With K,... being the number of recalculated or simulated 81 2 (e.g. species I and 2), 
ou<gl.2 ' 
called, found to be inferior to the observed 81,2 after permutation. 
ln the fictive example (Table 3.2, Fig. 3.11), values of 81,2= 2.3260 and p 1,2 = 0.0286. 
Therefore, the ecological niche of species I and 2 are significantly different. 81,3= 
3.4342 and Pl.3 = 0.2857 and 82,3= 3.4221; p2,3 = 0.6286 so that the niches do not 
significantly differ between species I and 3 and species 2 and 3. The number of possible 
permutations is important to have an idea on the robustness of the probability. ln the 
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example, it is relatively low. When the number of occurrence point starts to be 
moderately high, the test becomes rapidly robust. For example, a species with 10 
occurrences and another with IS lead to 2.85 million possible permutations. When the 
number of possible permutations is too high, it is not possible to do all calculations and 
Berry & Mielke (1983) proposed to use the Pearson type Ill distribution. However in 
that case, only the Euclidean distance can be applied. We propose to use a finite number 
of permutations. A minimum number of 10,000 permutations is generally recommended 
to stabilise the probability for tests based on random permutations such as the Mantel's 
test (Jackson & Somers, 1989). This way of assessing the probability enables the use of 
any distance or similarity measures. This assumption works as long as there is no 
substantial difference in the number of occurrence (or abundance values > first quartile, 
median or third quartiles) for each species. Environmental data were standardized prior 
to the calculation of Euclidean distances so that each environmental variable had the 
same weight in the analysis. 
3.B.4.E. Analysis 5. Thermal profiles of both Calanus as aftmction of the state of the 
North Atlantic Oscillation (NAO) and the 1987's c/imatological regime shift 
One important issue was to know whether the Hutchinson's niche was constant at a 
decadal scale and whether it was influenced by climate variability during the period of 
investigation (1958-2002). In such case, the species could be able to acclimatise quickly 
with climate change. To test this issue, we calculated the thermal profile of both 
Calanz1s for negative NAO (NAO index <-I), medium NAO ( -1 :S NAO index :S I) and 
positive NAO (NAO index > 1). Thermal profiles were calculated according to a 
procedure identical to Analysis I. To examine the potential impact of the regime shift in 
the North Sea (Beaugrand, 2004b), thermal profiles were also assessed for years prior 
and after 1987. 
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3.B.4.F. Analysis 6. Thermal profile of both Calanus as a function ofCPR data for 
daylight and dark period 
Changes in the depth distribution of Ca/anus through time could bias our assessment of 
the Hutchinson's niche as the CPR survey samples at a standard depth of about 7 m. To 
evaluate if this process could have significantly affected our results, we assessed the 
thermal profile (see analysis I) of both Ca/anus for CPR samples collected during 
daylight (CPR samples collected between I 0.00 and 16.00) and dark periods (CPR 
samples collected between 22.00 and 4.00) (Beaugrand et al., 2001; see their Fig. I) 
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3.C. Results 
3.C.I. Spatial distribution of biological and environmental data 
Figure 3.12 shows the mean spatial distribution of C. finmarchicus and C. helgolandicus 
for the period 1958-2002. The spatial distribution of C. finmarchicus (Fig. 3.12a) was 
located north of the Oceanic Polar Front (Dietrich, 1964) with two main centres of 
distribution south of the Labrador Sea and in oceanic regions south and west of Norway 
(Fig. 3.12a). The figure suggests that the species is an indicator of the Atlantic Polar 
Biome and especially the Atlantic Arctic Province and the Atlantic Subarctic Province 
as defined by (Longhurst, 1998). The spatial distribution of C. helgolandicus was 
different (Fig. 3.12b), being mainly centred along the shelf-edge in temperate regions. 
Figure 3.13 presents the mean values of the environmental parameters in the North 
Atlantic Ocean. Temperature is an important driver for C. finmarchicus while it has 
probably a more limited role for C. helgolandicus (Fig. 3.13a). 
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Figure 3.12. Spatial distribution of Calanus jinmarchicus (a) and Calanus 
helgolandicus (b) in the North Atlantic Ocean. No interpolation was made. 
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3.C.2. Environmental profiles 
3.C.2.1. Monthly thermal profile 
Figure 3.14 shows both the thermal profile of C. jinmarchicus (Fig. 3.14a) and C. 
helgolandicus (Fig. 3.14b) for each month. C.jinmarchicus had its maximal abundance 
between April and September for temperature ranging from 6 to l 0°C. The species C. 
helgolandicus had a tolerance range between ll °C and l6°C especially in spring (Fig. 
3.14b). A remarkable feature was that for both Calanus species the optimum varied 
seasonally. The two species had a clear distinct thermal preference. The interval of 
tolerance of C. jinmarchicus was greater than the one of its congeneric species. Figure 
3.14c shows the mean abundance of C. jinmarchicus and C. helgolandicus by categories 
of temperature. The complementarity in the distribution of the two species was speaking 
fluently. These results show that a temperature change in a region with an annual 
thermal regime of about l0°C could trigger a shift from a system dominated by c. 
jinmarchicus to a system dominated by C. helgolandicus. 
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Figure 3.14. Contour diagram of the abundance (in decimal logarithm) of Ca/anus 
finmarchicus (a) and Ca/anus he/golandicus (b) as a function of SST and months. 
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a percentage) by categories ofSST is also represented (c). 
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3.C.2.2. Others monthly profile 
Figure 3.15 presents other environmental profiles. Salinity profiles separated well the 
two Calanus (Fig. 3.15a). C. jinmarchicus had its maximal abundance for salinity 
values between 33.8 and 35 for spring and summer months. The salinity optimum was 
higher for C. helgolandicus (35-35.5). Dissolved oxygen also distinguished the 2 
Calanus (Fig. 3.15b). Abundance of C. jinmarchicus was maximal for values ranging 
from 6.4 ml.l" 1 to 7.3 ml.r 1• C. helgolandicus was found in water with less oxygen (5.9 
m1.1" 1 to 6.6 ml.r 1). The chlorophyll a concentration did not allow a complete distinction 
between the species (Fig. 3.15c). Nutrients were also examined. Figure 3.15d shows an 
example of profile for phosphate. Higher abundance of C. jinmarchicus corresponded to 
values of phosphate concentration between 0.2 Jlmol.r 1 and 0.8 Jlmol.l" 1• For C. 
helgolandicus, the optimum was found between 0.1 Jlmol.1" 1 and 0.3 Jlmol.l" 1• As in the 
case of salinity and temperature, high abundance of C. helgo/andicus was located in a 
more restricted tolerance range and time interval. Other nutrient profiles (not shown; 
nitrate and silicate) showed that C. jinmarchicus was found in waters with more 
nutrients than its congeneric species. C. jinmarchicus was located in waters with a 
higher index of turbulence than C. helgolandicus (not shown). Similar results were 
found with mixed layer depth (not shown). 
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Figure 3.15. Contour diagram of the abundance (in decimal logarithm) of Calanus 
finmarchicus and Calanus helgolandicus as a function of salinity (a), oxygen dissolved 
(b), chlorophyll a (c) and phosphate (d) and months. 
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The species C. jinmarchicus was mainly abundant at depth ranging from 269 m to 3513 
m but can be found in regions with low bathymetry (Fig. 3.16a). The species was 
primarily found in regions with low to medium spatial variability in bathymetry. C. 
helgolandicus was more often found in regions characterised by a bathymetry between 
82 m and 1216 m despite the fact that a second mode was detected at depth > 4000 m 
(Fig. 3.16b). This last mode was probably related to expatriate individuals in the region 
near to the Bay of Biscay (see Fig. 3.12b). The species was identified in regions 
characterised by a higher spatial variability in bathymetry, which reinforces the fact that 
C. he/golandicus is often called pseudo-oceanic (i.e. can be found in both neritic and 
oceanic regions but is mainly abundant above the shelf-edge). 
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3.C.3. Quantification ofthefactors that influences spatial distribution of 
Calanus 
A PCA was applied on the table 12 months-4800 geographical squares x 11 variables. 
The first axis explained 43.6% of the total variance, the second 21.4%, the third 8.9% 
and the fourth 7 .2%. The calculation of the equiprobability (noted E E = ( ~) x 100 
with N the number of variables) indicated that all axes with a variance of more than 
9.1% can be considered to be significant. Therefore, only the first three normalised 
eigenvectors and principal components (representing 73.9% of the total variance) were 
retained. Figure 3.17 shows the scatter plot of the first two nonnalised eigenvectors and 
mapping of the first principal component. Variables such as temperature (Relative 
Contribution RC = 82%); phosphate (RC = 75.1 %), oxygen (RC= 73.8%), silicate (RC 
= 62.9%) and nitrate (RC = 54.7%) contributed greatly to the first component. 
Temperature was correlated negatively with the above factors (Fig. 3.17a). Mapping of 
the first principal component identified a northward change from March to August and 
then an opposite movement from September to December (Fig. 3.17b). The Oceanic 
Polar Front (Dietrich 1964) was clearly identified (for the location of the Oceanic Polar 
Front, see Fig. 1.4 and Fig. 3.13a). An asymmetry in the seasonal changes of the 
physical-chemical parameters was detected. The northern limit of the western part of the 
Atlantic basin remained relatively constant at a monthly scale while in the eastern part 
the seasonal northward movement was much more pronounced. The influence of 
bathymetry on this first principal component was not detected. 
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F igure 3.17. Results from a standardised principal component analysis performed on 
environmental data. (a) Normalised eigenvector 1 and 2 (65%). Circle of correlation and 
circle of regime descriptor contribution (C=0.43) are also displayed. (b) Spatial and 
monthly changes of the first principal component (43.6% of the total variance). SST: 
sea surface temperature; SAL: salinity; NIT: nitrate; PHO: phosphate; TUR: turbulence 
rating; CHL: chlorophyll a; MLD: mixed layer depth; SrL: si licate; BAT: bathymetry; 
CVB: variation of bathymetry. 
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Figure 3.18 shows the scatter plot of the second and third normalised eigenvectors and 
maps of the seasonal changes in the second principal component at a seasonal scale. 
Variables that contributed mostly to the second principal component was mixed layer 
depth (RC= 51.1%), the index of turbulence (RC= 43.7%), and to a lesser extent 
chlorophyll a concentration (RC= 27.1 %), the index of spatial variability in bathymetry 
(RC = 23.2%) and average bathymetry (RC = 22.9%). Mapping of seasonal changes in 
the second principal component (Fig. 3.18b) shows the importance of parameters related 
to structure of the water column and the stable-biotope component (geographically 
stable, e.g. variables related to bathymetry). The effect of the structure of the water 
column was especially strong in the Atlantic Arctic Biome. 
Figure 3.19a shows that the main parameter related to the third principal component was 
primarily the index of spatial variability in bathymetry (RC = 42.4%) so that the third 
principal component (Fig 3.19b) highlighted directly the bathymetry of the region. 
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Figure 3.18. Results from a standardised principal component analysis perfonned on 
environmental data. (a) Normalised eigenvector 2 and 3 (30.3%). Circle of correlation 
and circle of regime descriptor contribution (C=0.43) are also displayed. (b) Spatial and 
monthly changes of the second ptincipal component (2 1.4% of the total variance). SST: 
sea surface temperature; SAL: salinity; NlT: nitrate; PHO: phosphate; TUR: turbulence 
rating; CHL: chlorophyll a; MLD: mixed layer depth; S lL: silicate; BAT: bathymetry; 
CVB: variation of bathymetry. 
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CVB: variation of bathymetry. 
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3.C.4. Identification of the ecological niche of both Calanus species 
Using the first three principal components, a representation of the ecological niche 
(sense Hutchinson 1957) can be outlined (Fig. 3.20). The figure suggests that the 
ecological niche of both Calanus species was well separated. The graphical examination 
is confirmed by the MRPP-based test, which indicated a statistically significant 
separation of the niche for every month and category of abundance (Table 3.3). 
Quantification of the breadth of the niche further indicated that the njche breadth of C. 
jinmarchicus was overall larger (e.g. niche breadth index = 8.2 for January) than the one 
of its congeneric species (e.g. niche breadth index = 7.4 for January) when the 
estimation was based on presence data and whatever the month. When higher categories 
of abundance were considered, few exceptions were detected corresponding to the main 
seasonal maximum of Calanus species. These exceptions might be related to the 
positive relationship between dispersal and abundance for the two species. 
Table 3.3. Results of the cornpanson between the breadth and position of the two 
ecological njches of Calanus finmarchicus and Calanus helgo/andicus. "p,;" is the 
probability of separation of the two ecological niche. 
cat 1 (>0% cat 2 (>25%) cat 3 (>50%) cat4 (>75%) 
months breadth breadth breadth breath breadth breadth breadth breadth Cfin Chel P• Cfin Chel P• Cfin Chel P• Cfin Chel 
January 8.15 7.36 <0.01 8.11 7.01 <0.01 7.97 6.46 <0.01 6.88 6.64 
February 8.46 7.37 <0.01 8.39 7.21 <0.01 8.55 6.52 <0.01 7.14 5.94 
March 8.84 7.55 <0.01 8.95 7.19 <0.01 9.22 6.97 <0.01 8.97 6.57 
April 8.68 7.87 <0.01 8.32 7.44 <0.01 8.65 6.91 <0.01 8.55 6.66 
May 7.95 7.38 <0.01 7.42 6.93 <0.01 7.19 6.51 <0.01 7.46 5.92 
June 7.34 6.36 <0.01 7.12 6.01 <0.01 6.85 5.69 <0.01 6.82 5.26 
July 7.49 6.37 <0.01 7.12 5.92 <0.01 6.51 5.74 <0.01 5.83 5.17 
August 6.97 5.85 <0.01 6.44 5.92 <0.01 5.85 6.17 <0.01 5.14 5.93 
Septembe 7.30 6.32 <0.01 6.71 6.08 <0.01 6.17 6.21 <0.01 5.47 6.05 
October 7.75 6.75 <0.01 7.65 6.68 <0.01 7.36 7.05 <0.01 7.61 6.66 
November 7.82 6.56 <0.01 8.09 6.48 <0.01 8.31 5.68 <0.01 8.45 5.19 
December 7.74 6.55 <0.01 7.75 6.62 <0.01 7.45 6.12 <0.01 6.42 5.52 
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Figure 3.20. Representation of the ecological niche (sense Hutchinson) using the first 
three principal components. (a). Abundance of both Calanus as a function of the first 
and the second principal components. (b). Abundance of both Calanus as a function of 
the second and the third principal components. (c). Abundance of both Calanus as a 
function of the first and the third principal components. 
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3.C.5. Application of the ecological niche approach to explain the change 
in dominance of Calanus that happened in the North Sea after the 1980s 
regime shift 
Temperature was the most important environmental parameter according to PCA 
results. This parameter separated well the two species. Figure 3.21 shows changes in the 
proportion of C. helgo/andicus on total Calanus (C. finmarchicus and C. he/go/andicus) 
as a function of temperature. The location of the line below which 10% of Calanus 
identified by the CPR survey were C. helgo/andicus varied monthly. The figure shows 
that a change in Ca/anus dominance (from I 0 to 60% of C. helgolandicus) occu rs when 
temperature increases by 1.5-3°C during the reproductive season. Superimposed on the 
contour diagram, minimal and max imal temperatures in the Nott h Sea for the period 
1958-2002 demonstrate that this magnitude of temperature changes was indeed 
observed. This diagram explains by temperature a lone (related to mcrease m 
atmospheric temperature, advection change or water mass location) the change m 
Ca/anus dominance that happened in the North Sea during the regime shift (Reid et a l. 
2003b). Cold temperatures were nearly exclusive ly found prior to the shift while 
warmer temperatures (with the exception of the negative NAO year in 1996) were 
mainly observed after the shift (Beaugrand 2004b). 
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Figure 3.21. Contour diagram representing the proportion of C. he!go!andicus on total 
Ca!anus (C. finmarchicus and C. he!go/andicus). Values are expressed in percentage. 
Both minimum (black line) and maximum (dash line) monthly SST for the North Sea 
are superimposed. 
3.C.6. Time stability of the thermal niche ofCalanus 
Figure 3.22 shows that depending upon the state of the North Atlantic Oscillation, the 
thermal niche of both Ca!anus did not change (r = 0.79; p < 0.0 1; n = 133 for C. 
jinmarchicus and r = 0.77; p < 0.01 ; n = 128 for C. he!go/andicus). Beaugrand (2004b) 
stressed that the timing of the shift varied according to species, trophic levels and the 
spatial centre of distribution of orgarusms. However, the selection of different time 
periods did not affect the results. Similar results are found for periods before and after 
the 1980's regime shift (Fig. 3.23) (r = 0.88; p < 0.01 ; n = 135 for C.finmarchicus and r 
= 0.92; p < 0.01; n = 135 for C. heigolandicus). 
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Figure 3.24 shows the stability of the thermal niche of Calanus at the diel scale. No 
significant change between the thermal niche between daylight and dark period was 
identified (r = 0.76; p < 0.01; n = 142 for C. finmarchicus and r = 0.94; p < 0.0 l ; n = 
142 for C. helgolandicus). This analysis suggests that possible year-to-year changes in 
the depth distribution of the Calanus species are unlikely to have biased om assessment 
of the Hutchinson's niche for the two Calanus. 
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Figure 3.22. Contour diagram of the abundance (in decimal logarithm) of Calanus 
.finmarchicus and Calanus helgolandicus as a function of the state of the North Atlantic. 
(a). For a value of the NAO index <- l. (b). For a value of the - I <NAO index < I. (c). 
For a value of the NAO index > 1. 
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Figure 3.24. Contour diagram of the abundance (in decimal logarithm) of Calanus 
finmarchicus and Ca/anus helgolandicus as a function of the state of the North Atlantic. 
(a). For daylight pe1iod (10 to 16 o'clock). (b). For dark period (22 to 4 o' clock). 
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3.D. Discussion 
This chapter has shown that the (Hutchinson) ecological niches of C. flnmarchicus and 
C. helgolandicus are s ignificantly separated despite the similar morphology of the 
species (Fieminger & Hulsemann 1977; Bucklin et a l. 1995). The niche of C. 
helgolandicus is smaller than its congeneric species with few exceptions for higher 
abundance categories mainly when C. helgolandicus has its seasonal maximum in 
abundance. These exceptions are probably re lated to the positive re lationships between 
abundance and dispersal in the pelagic realm (Beau grand et a l. 200 l ). Figure 3.25 
summarises the different environmenta l optimums of both Calanus found in the present 
study. The subarctic species C. flnmarchicus has a broader tolerance interval than its 
congeneric species and is therefore able to support larger environmental variations (Fig. 
3.25). This species is adapted to a cold oceanic environment, w ith high mixing during 
the winter time and more nutr ients, silicates, oxygen and is therefore indicative of the 
Atlantic Arctic Biome and especially the Atlantic Arctic and Subarctic provinces 
defined by Longhurst (1 998) (see also Fig. 1.4). Its congeneric species C. helgolandicus 
is more adapted to temperate waters found in the Atlantic Westerly Winds Biome 
(Longhurst 1998) although mainly present along shelf-edges (regions with higher spatial 
variation in bathymetry). Provinces of this biome have typically higher temperature, less 
nutrients, s ilicates and oxygen (Longhurst 1998). 
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Figure 3.25. Diagram showing the influence of the different abiotic variable on two 
Calanus species. Environmental preferences were determined using the flrst and the 
ninth deciles for each environmental parameters for which Calanus species were 
superior to the first quartile. It can be seen from the diagram that Calanus helgolandicus 
is the species indicative of the Westerly Wind Biome for regions above the shelf edge 
(e.g. regions with high spatial variabi lity in bathymetry) wh ile Calanus jinmarchicus is 
indicative of the Arctic biome (especially subarctic and Arctic Atlantic province, 
Longhurst (1998). 
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Temperature appears to be the factor that mostly influences the spatial distribution of 
the two species. This parameter was highly correlated to the first principal component. 
Many authors have highlighted the importance of this parameter for the physiology, the 
biological cycle and the ecology of copepods (Mauchline 1998, Halsband-Lenk et al. 
2002, Lindley & Re id 2002). Beau grand et al. (200 1) have shown the close link 
between the spatial distribution in copepod diversity and temperature. Currie ( 1991) 
suggested that this parameter was the principal factor explaining the difference in 
diversity between the equator and the poles. Thjs factor influences growth, development 
and reproduction of many plankton species (Halsband-Lenk et al. 2002). 
Temperature covan es negatively with nutrients and oxygen concentration so that a 
change in temperature is accompanied by a change in nutrient and oxygen concentration 
over the study area. These relationships hold because when temperature increases, 
biological production augments, thus consuming nutrients (Russet-Hunter 1970) . 
Furthermore, when temperature increases, stratification is strengthened limiting nutrient 
input from deeper waters (Beau grand et al. 2001 ). The relationship between temperature 
and oxygen is related to the physical link between oxygen solubility and temperature 
(Millero et al. 2002). Therefore, we believe that the main driver is temperature and not 
its covariates although it is possible that nutrients and oxygen also play a role especially 
through food web interactions (Legendre & Rassoulzadegan 1995). lndeed Legendre & 
Rassoulzadegan ( 1995) showed that by altering nutrient concentration, changes in 
phytoplankton composition can impact higher trophic levels. 
Structure of the water column indicated by the wind-induced turbulence index and 
mixed layer depth is also an important factor. It appears that C. .finmarchicus is mainly 
located in oceanic regions with lower stratification than C. helgofandicus. Structure of 
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the water column is likely to have a substantial influence on zooplankton distribution, 
life strategy and population dynamjcs (Longhurst 1998; Heath et al. 1999b). A negative 
relationship between stratification and zooplankton biomass has been reported for the 
Californian coast by Roemmich & McGowan ( 1995). They suggested that a longer 
stratification period, as weU as stronger stratification, might hamper the inter-change of 
nutrients from deeper to surface waters, limiting phytoplankton growth and ultimately 
food for higher trophic levels. 
Bathymetry also influences, to a lesser extent than temperature, the spatial distribution 
of the two species. Indeed, C. helgolandicus is mainJy centred over areas between 0 and 
500 m of depth whereas C. finmarchicus is generally present in deeper areas. These 
results confirm previous work that classified C. finmarchicus as being primarily an 
oceanic species and C. helgolandicus as being a pseudo-oceanic species (Fleminger & 
Hulsemann 1977; Beaugrand et al. 2001 , Bonnet et al. 2005). Bathymetry is especially 
important for C. he/golandicus (Beaugrand 2004a, Bonnet et a l. 2005). Fleminger & 
Hulsemann (1977, their Fig. 5) proposed a map of the spatial distribution of both 
Caianus studied in this work. Our results are similar and differences noted for C. 
finmarchicus are mainly related to the use of presence data by Fleminger & Hulsemann 
(1977) while abundance data were utilised in the present study. Furthermore, 45 years 
of sampling are now available while Fleminger & Hulsemann (1977) based their 
synthesis on 17 years of CPR sampling. 
Identification and quantification of environmental factors involved in the spatial 
regulation and ecological njche of C. finmarchicus and C. helgolandicus may enable the 
calculation of habitat suitability maps (Pulliam 2000). The fact that temperature is an 
important controlling factor of the spatial distribution of C. finmarchicus and C. 
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he/go/andicus has significant implications in the context of global climate change. 
Indeed, temperature is one of the parameters which will be the most affected 
(Intergovernmental Panel on Climate Change 2001 ). Moreover, temperature is the most 
accessible parameter in the various scenarios suggested by the Intergovernmental Panel 
on Climate Change (2001). This makes possible the realisation of scenarios of changes 
in the spatial distribution of C. finmarchicus and C. helgo/andicus. Forecasting the 
distribution of C. finmarchicus and C. he/go/andicus with Ocean General Circulation 
Models (OGCM) outputs is of great interest because these Calanus species are key-
structural species of pelagic ecosystems in the North Atlantic and adjacent seas. These 
species have a significant role in the life cycle of many exploited fishes. For example, 
Beaugrand et al. (2003) recent ly showed the importance of C. finmarchicus for the 
survival of larval cod in the North Sea. A positive correlation between cod recruitment 
and the abundance of C. finmarchicus was detected. The relation was opposite with C. 
heigo/andicus. Mechanisms proposed were based on the "match/mismatch" hypothesis 
(Cushing 1997). C. finmarchicus was abundant in the North Sea prior to the 1980s 
regime shift. As this species has its seasonal maximum in spring, it ensured a great 
availability of prey for cod larvae (period of occurrence from March to August). C. 
finmarchicus decreased during the 1980s while its congeneric species increased. This 
change in dominance reduced the availabil ity of Calanus prey in spring because C. 
helgo/andicus has its seasonal maximum in autumn at a time when cod larvae feed on 
larger prey such as euphausiids or other fish. 
A remarkable feature in our study is that the environmental optimum of Ca/anus species 
varies seasonally for all abiotic parameters. Theses seasonal fluctuations might be 
influenced by the spatial variability in the seasonality of both species (Planque et al. 
1997). For C. finmarchicus, seasonal fluctuat ions could be related to large-scale 
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differences in the timing of the ontogenetic vertical migration. Another hypothesis could 
be related to the differential sensitivity of the mean developmental stage of Calanus 
population to temperature. This has been observed in some experiments (Harris et al. 
2000). 
The use of this ecological niche approach has allowed an explanation of the shi ft in 
Calanus dominance to be outlined. Re id et al. (2003b) showed a substantial and 
sustained reduction in the percentage of C. flnmarchicus on total Calanus in the North 
Sea. While in 1962, C. flnmarchicus represented 80% of the Calanus in the North Sea, 
C. helgolandicus composed 80% of Calanus identified by the CPR survey in 2000. As 
seen in Figure 3.21, the dominance of Calanus in the North Sea is highly sensitive to 
temperature, especially in spring and summer. We demonstrate that the shift in 
dominance could have been triggered by temperature changes alone in the North Sea. 
Sea surface temperature changes are likely to be related to the rise in air temperature 
(Beaugrand 2004b) over the region and changes in advection recently discussed in Reid 
et al. (2003b). These authors reported that when the NAO was positive, the strength of 
the European shelf-edge current, which flows northwards, increased and that oceanic 
inflow into the northern part of the North Sea was strengthened. During the cold regime 
i.n the North Sea prior to 1980, this region was at the boundary between a subarctic 
biome and a more temperate biome (Longhurst 1998). As C. jinmarchicus is indicative 
of the Atlantic Arctic biome, the change in the proportion of Calanus in the North Sea 
may indicate that the subarctic biome has moved northwards. This has been recently 
suggested by Beau grand (2004b ). A northward movement of plankton has been detected 
using calanoid copepods in the northeastern part of the North Atlantic (Beaugt·and et al. 
2002) and a similar shift has been found for fish (PerTy et al. 2005). 
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This chapter has shown that the concept of the Hutchinson ecological niche is useful 
and some authors even stressed that it remains poorly utilised by ecologists. However, it 
is important to remember that in the present study, we have assessed the realised niche, 
not the fundamental niche of Calanus. Hutchinson (1957) made tills distinction and 
stated that the realised niche should always be smaller than the fundamental niche as 
species interactions eliminate individuals from favourable biotope. However, Pulliam 
(2000) recently showed that when dispersal is high, the realised niche can be larger than 
the fundamental. This is probably the case here as the oceanic pelagic realm is 
continuous, three-dimensional and without geographical barriers which make 
biogeographical regions less well-defined than in the teiTestrial realm. One way to 
assess the fundamenta l niche would be to base the assessment of the species niche from 
a physiological model such as the one described in Pulliam (2000). 
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Chapter 4 
Physiology, ecological niches and species distribution 
The present chapter is constituted by the following paper: 
Helaouiit, P., Beaugrand, G., 2009. Physiology, ecological niches and species 
distribution. Ecosystems I 2, I 235-I 267. 
While many studies have debated on theoretical links between physiology, ecological 
niches and species distribution, few studies have provided evidence for a tight empirical 
coupling between these concepts at a macroecological scale. We used a physiological 
model to assess the fundamental niche of a key-structural marine species. We found a 
close relationship between its fundamental and realised niche. The relationship remains 
constant at both biogeographical and decadal scales, showing that changes in 
environmental forc ing propagate from the physiological to the macroecological level. A 
substantial shift is detected in the North Atlantic and projections of range shift using 
IPCC scenarios suggest a poleward movement of the species of one degree of lat itude 
per decade for the 2151 century. The shift in the spatial distribution of this species reveals 
a pronounced alteration of polar pelagic ecosystems with likely implications for lower 
and upper trophic levels and some biogeochemical cycles. 
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Chapter 4: Physiology, ecological niches and species 
distribution 
4.A. Introduction 
Biogeographical studies necessitate having a reasonable knowledge of the ecological 
niche, defmed here as the range of tolerance of a species when several environmental 
factors are taken simultaneously (Hutchinson, 1957). Hutchinson (1957) conceptualised 
this notion with the so-called n-dimensional hypervolume, in which n ideally 
corresponds to all environmental factors. This concept is a powerful tool against which 
researchers can better assess potential effects of global change on species distribution 
(Beaugrand & Helaouet, 2008). Indeed, the concept of ecological niche has been 
extensively used to understand and model anthropogenic impacts such as the 
introduction of exotic species and pollution on species distribution (Peterson, 2003). 
Determining the contribution of different environmental factors is achieved from 
knowledge of the distribution of species with field observations that can be related to 
environmental predictor variables (Guisan & Thuiller, 2005). Different techniques exist, 
depending on species data, which can simply be presence data (e.g. ecological niche 
factor analysis (Hirzel et al. , 2002)), presence- absence data (e.g. generalised additive 
models (Hirzel et al. , 2006)) or abundance data based on field sampling (e.g. all 
regression analyses (Legendre & Legendre, 1998)). However these techniques can only 
estimate the realised niche since they are based on observational data. Pulliam (2000) 
proposed a new type of model to explain and assess differences between fundamental 
and realised niches. As stated by Hutchinson ( 1957), his work indicates that the realised 
niche is smaller when factors reducing survival such as competition predominate. 
However, Pulliam (2000) also provided evidence that the realised niche can be greater 
than the fundamental one when dispersal is high. 
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The fundamental niche represents the response of aU physiological processes of a 
species to the synergistic effects of environmental factors (Fig. 4.26). Only optimal 
conditions generate high abundances and allow for successful reproduction. When the 
environment becomes less favourable, this affects consecutively the reproduction, 
growth and feeding (Fig. 4.26). Extreme conditions become critical and may eventually 
affect survival (Schmidt-Nielsen, 1990). Ideally, any study that attempts to predict the 
habitat of a species based on the knowledge of the environment should use both 
fundamental and realised niches. Past studies have largely focussed on the realised 
niche (e.g. Hirzel et al. , 2002; Helaouet & Beaugrand, 2007) while estimation of the 
fundamental niche has been neglected. However, comparison of both niches can provide 
imp01tant insights on biological mechanisms (e.g. competition or predation) that 
structure a population. 
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Figure 4.26. Response curve illustrating the effects of an environmental factor (X) on 
the species abundance (Y). Extremes values of X are lethal; less extreme values prevent 
feeding and then growth; only optimal conditjons aUow reproduction. 
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Climate change affects the structure, the dynamics and the functioning of marine 
ecosystems through many physical and biological processes (Reid & Beaugrand, 2002). 
Changes in the state of the climate system may also unbalance the location of 
boundaries between major biogeographical systems (Lomolino et al. , 2006). Key-
structural species are useful to track such changes in the ecosystem state and location. 
Understanding the spatial distribution of these species has become an important issue in 
marine ecology (Helaouet & Beaugrand, 2007). Calanus finmarchicus is a key-
structural marine zooplankton copepod species in the North Atlantic Ocean and is 
among the most studied copepods in this area (e.g. Heath et al., 2000). This mainly 
herbivorous species plays an important role in transferring primary production to higher 
trophic levels in the food web (Mauchline, 1998). Indeed, it has been suggested that the 
species is a key element for the larval su rvival of some commercially important fi sh 
species such as the Atlantic cod (Beaugrand et al. , 2003a). The species also modulates 
the abundance of phytoplankton through changing grazing pressure (Carlotti & Radach, 
1996). Assessing future changes in the spatial distribution of the species is a prerequisite 
to anticipate ecosystem changes but should be based on the joint assessment of the 
fundamental and the realised niches. 
In this chapter, we assess both the fundamental and realised niches of C. finmarchicus 
and provide evidence for a close correspondence of the two niches at a macroecological 
level. The concomitant spatial and temporal changes seen in physiology and 
biogeography are constant at the decadal scale which makes it possible to propose 
projections of the spatial distribution of the copepod as a function of different scenarios 
of changes in temperature established by the (Intergovernmental Panel on Climate 
Change, 2007b ). Our study shows that the temperatme rise observed and projected by 
atmosphere-ocean general circulation models over the North Atlantic sector propagates 
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from the physiological to macroecologicallevel. Lmplications of the result for ecological 
niche modelling are discussed and potential consequences of the change in this key-
structural species for ecosystem structure and functioning outlined. 
4.B. Materials and methods 
The area covered by this study extended from 99.5°W to 19.5°E of longitude and 
29.5°N to 69.5°N of latitude thereby covering all the North Atlantic Ocean and adjacent 
seas. 
4.B.J. Biological and environmental data 
4.B.J.A. Calanus jinmarchicus 
Data on the abundance of adult Calanus jinmarchicus (copepodite CV and CVI) were 
provided by the Continuous Plankton Recorder (CPR) survey. The CPR survey is a 
large-scale plankton monitoring programme managed and maintained by the English 
laboratory Sir Alister Hardy Foundation for Ocean Science (SAHFOS) since 199 1. The 
sampler is towed at a constant depth of - 7 m (Reid et al. , 2003a). Despite the near 
surface sampling, the sampling gives a satisfactory picture of the epipelagic zone 
(Batten et al. , 2003). Water enters through an inlet aperture of 1.61 cm2 and passes 
through a 270 ~m silk filtering mesh (Batten et al. , 2003). Individuals greater than 2 
mm such as adult copepodite stages CV and CVl of C. jinmarchicus are then removed 
from both the filtering and covering silk. Generally, all individuals are counted, but for 
particularly dense samples a sub-sample can be realised (Batten et al., 2003). We 
created gridded data (from 99.5°W to 19.5°E of longitude and 29.5°N to 69.5°N of 
latitude with a spatial resolution of I 0 latitude x I 0 longitude) averaging the abundance 
of C. .finmarchicus for the whole sampling period 1960-2005. The climatology of the 
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abundance of C. jinmarchicus for each decade of the period 1960-2005 (1960s, 1970s, 
1980s, 1990s) and for the most recent period 2000-2005 was based on interpolated data. 
Interpolation was made to maximise the number of values and thereby increase the 
quality of model comparison. Interpolation was realised using the inverse squared 
distance method (Lam, 1983) with a search radius of 250 km (about 135 miles) using a 
technique applied by Beaugrand et al. (200 1 ). 
4.B.l.B. Sea Surface Temperature 
Temperature (as Sea Surface Temperature) was selected as this parameter strongly 
influences the abundance and spatial distribution of marine ectotherms (Scbmidt-
Nielsen, 1990; Mauchline, 1998). Sea Surface Temperature (SST) data come from the 
Comprehensive Ocean-Atmosphere Data Set (COADS) and were downloaded from the 
internet site of the National Oceanographic Data Center (NODC), which manages 
acquisition, control quality and ensures the long-term safeguarding of the data 
(Woodruff et al. , 1 987). To perfmm all analyses, we created two different kinds of SST 
climatology. The first climatology was based on the averaging of 45 years ( 1960-2005), 
the second one was the result of the average of each decade for the period 1960-1999 
( 1960s, 1970s, 1980s, 1990s) and the most recent period 2000-2005. 
To evaluate the potential impact of changes in SST on spatial distribution, data (1990-
21 00) from the ECHAM 4 (EC for European Centre and HAM for Hambourg) model 
were utilised. This Atmosphere-Ocean General Circulation Model (AO-GCM) has a 
horizontal resolution of 2.8° latitude and 2.8° of longitude (Roeckner et al. , 1996). The 
present data were selected by the lntergoverrunental Panel on Climate Change (2007b) 
based on criteria among which are physical plausibility and consistency with global 
projections. Data are projections of monthly skin temperature equivalent above the sea 
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to SST (http: //ipcc-ddc.cru.uea.ac.uk). Data used here are modelled data based on 
scenario A2 (concentration of carbon dioxide of 856 ppm by 21 00) and 82 
(concentration of carbon dioxide of 621 pp m by 21 00) (Intergovernmental Panel on 
Climate Change, 2007b). ln scenario A2, the increase of C02 has a rate similar to 
current observed data (Jntergovernmental Panel on Climate Change, 2007b ). The 
scenarios A2 and B2 are based on a world population of l 5.1 and I 0.4 billion people by 
2100, respectively. Data were recommended by Intergovernmental Panel on Climate 
Change on the basis of physical plausibility and consistency with global projections. 
Data are projections of monthly skin temperature equivalent above the sea to SST 
(http://ipcc-ddc.cru.uea.ac.uk). A decadal mean was calculated for the 2050s and 2090s. 
4.B.l.C. Chlorophyll a 
Phytoplankton concentration is also an important parameter to explain changes in the 
spatial distribution and abundance of C. finmarchicus. Therefore chlorophyll a data 
were selected. These data originated from the programme and satellite Sea-viewing 
Wide Field-of-view Sensor (SeaWIFS) from the National Aeronautics and Space 
Administration (NASA). Chlorophyll a data were converted into food concentrations 
(F) using Equation 1 (Hirche & Kwasniewski, 1997): 
With F1,s the food concentrations (in Jlg.r 1) at timet and locations and C1,s the quantity 
of chlorophyll a (in JlgT 1) at time t and location s using a carbon:chlorophyll ratio r of 
40 (Hirche & Kwasniewski, 1997). A climatology of food concentration was calculated, 
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based on the period 1997-2005. This implicitly assumes that the period is representative 
of 1960-2005, which is, for the selected spatial scale, a reasonable assumption. 
4.B.l.D. Bathymetry 
Spatial distribution of C. jinmarchicus in the area is influenced by bathymetry (Helaouet 
& Beaugrand, 2007), the species being rarely detected when the water column becomes 
shallow (Continuous Plankton Recorder Survey Team, 2004; Helaouet & Beaugrand, 
2007). We used bathyrnetry data to restrict our calculations in areas deeper than 50m. 
This threshold was fixed after examination of the spatial distribution of C. jinmarchicus 
(Beaugrand, 2004a; Helaouet & Beaugrand, 2007). Bathymetry data originated from the 
database General Bathymetric Chart of the Oceans (GEBCO). 
4.B.2.A. Estimation ofthe realised niche 
The realised niche was infened from the calculation of the spatial distribution of adult 
C. jinmarchicus (CV and CVT) for the whole sampling period 1960-2005. As already 
mentioned in the introduction, the realised niche represents the fundamental niche 
modified by factors such as dispersal that increase the width of the niche or factors such 
as competition that, on the contrary, tighten it. 
4.B.2.B. Estimation ofthe optimalpartofthefundamental niche 
Many studies have revealed that reproduction is maximal when the species is at its 
optimal part of the fundamental niche (Hirche, 1990). We used this physiological 
property as a proxy to determine the central part of the fundamental niche of C. 
flnmarchicus (see Fig. 4.26). When the optimal part of the fundamental niche is 
reached, the species must have its maximum abundance. Potential egg production rate 
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(EPR) at time t and location s (Et,s, in Eggs.female-1.d-1) was therefore calculated based 
on information on temperature and food concentration (Heath et al., 2000): 
Pc ((r;_.-Topt )Psf 
Et,s = PI (F; ,s - F,JPz p 31 0 100 (2) 
With Tl,S the sea surface temperature (in °C) at time t and location s and Topb the 
temperature optimum. The latter, which determines the maximum value of egg 
production, was taken from Heath et al. (2000), who fixed its value to 6°C. f t,s is food 
concentration (in J..lg. r 1) at time t and location s (see Equation 1). Parameter Fh is the 
food concentration below which no egg production is expected. This parameter was 
fixed to 8 J..lg. r 1 by Richardson et al. ( 1999). Other parameters from p 1 to p5 were 
estimated by non linear least square regression and were taken from Hirche and others 
(1997) (PI = 6.2; P2 = 0.48; P3 = 0.14; P4 = 60; p5 = 1.9). It is clear from Equation 2 that 
this model is only valid in situations when ft ,s ~ Fh. Therefore, when food concentration 
was inferior to 8 J..lg.r 1, value of EPR was set to 0. 
The possibili ty to use or forecast egg production of C. finmarchicus is limited by the 
difficulty to obtain chlorophyll a data. Therefore, we simplified equation (2) by fi:xjng 
food concentration (F1,s) to its optimal value. The optimal value (21.79 J..lg. r 1) was 
determined by fitting equation 2 to potential EPR versus temperature (climatology 
based on the period 1960-2005). When Ft, = 21.79 J..lg. r 1, Equation (2) becomes: 
P4 -((T, _. -Topt )Psf 
EI ,S = 3.06 X 10 lOO (3) 
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It should be noted that when EPR is calculated using equation 3, it becomes the 
potential egg production rate (PEPR) since it is not representing the number of eggs 
expected but more the potential of production. 
4.B.2. C. Correlations 
The Pearson coefficient of correlation was calculated to examme the relationship 
between the realised (spatial distribution of C. finmarchicus) and the optimal part of the 
fundamental niche (PEPR) for different time periods (Fig. 4.27). To evaluate the impact 
of spatial autocorrelation when correlation was calculated between maps, the minimum 
degree of freedom needed to have a significant correlation (p = 0.01) and corresponding 
to the observed correlation value was assessed. 
4.B.2. Procedures and analyses 
Figure 4.27 sununarises the different analyses performed in this study. 
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Step 1 
Assessment of the 
realised Niche 
(1960-2005) 
(Fig. 4.28) 
Step 2 
Assessment of the 
fundamental Niche 
( 1960-2005) 
(Fig. 4.28, Eq 2) 
SST + food concentration* 
Step 4 
Comparison of niches 
(Fig. 4.28,Table 1) 
Step 5 
Step 3 
Assessment of the 
fundamental Niche 
( 1960-2005) 
(Fig. 4.28, Eq 3) 
SSTonly 
Estimation of both fundamental (Eq 3) and 
realised niches at a decadal scale 
(Fig. 4.29,Table 1) 
Step 6 
Forecasted spatial distribution of EPR 
for the 2050s and 2090s 
(Fig. 4.30) 
Step 7 
Evaluate potential changes 
in the spatial distribution 
of C. finmarchicus 
Figure 4.27. Sketch diagram summarising the different steps and analyses performed in 
this study. * The climatology of food concentration is based on chlorophyll a data, only 
available for the period 1997-2005. 
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4.C. Results 
Analyses confirm that C. finmarchicus is a subarctic species, mostly abundant north of 
the Oceanic Polar Front (Dietrich, 1964) (Fig. 4.28a). [ts realised niche shows an 
optimum range around 6°C but abundance remains high between 2.5°C and 9.5°C. This 
optimum corresponds to the temperature where egg production rate, determined in 
laboratory experiments, is maximal (Hirche and others 1997). Spatial distribution of 
EPR closely matches the spatial distribution of the abundance (r = 0. 71 for all marine 
regions and r = 0.81 for regions deeper than 50m, Fig. 4 .28a-b, Table 4.4), confirming 
that the abundance of the species is proportional to its potential EPR. These results 
suggest a strong correspondence between physiology and the biogeography of the 
species. 
The central part of the fundamental niche is naiTower than the realised niche as it is 
inferred from EPR (Fig. 4.28.c-d). The adjustment of the model by non-linear least 
square fitting is best when food concentration (F1,s in Eq 2) is fixed to 21.79 11gT1• This 
value allowed us to simplify Eq 2 (see Eq 3 in Materials and Methods). Correlation 
between the two ways of assessing EPR (from Eq 2 and 3) is high and range from r = 
0.89 (p < 0.00 I, Table 4.4) when all marine regions are considered to r = 0.93 (p < 
0.001) when only regions deeper than 50m are included in the analysis. This result 
suggests that food concentration is not so limiting in the regions of interest, probably 
because chlorophyll a covaries well with temperature (r = -0.71 ; p < 0.00 I ; n = 3 148; nf 
= 19). Such a simplified model, depending only upon temperature, is an advantage 
because good quality data on chlorophyll a are restricted to years after 1997 and also 
because chlorophyll a data assessed from biogeochemical models have large 
uncertainties. 
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a Spatial distribution of 
adult Calanus finmarchicus 
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Figure 4.28. a. Spatial distribution of C. finmarchicus for the period 1960-2005. b. 
Spatial distribution of EPR calculated from Eq 2 and using temperature data for the 
period 1960-2005 and a climatology of food concentration based on chlorophyll a data 
for the period 1997-2005. The reproduction potential is high in the whole North Sea 
while the species rarely occurs in the shallow part of this sea. c. Abundance as a 
function of temperature (mean SST regime). Data are from Fig. 4.28a. The bold green 
line, reflecting the realised niche was calculated from a polynomial regression of order 
5. d. Potential Egg production Rate (PEPR) as a function of temperature. Data are from 
Fig. 4 .28b. The bold red line was calculated by adjusting Ft,s in Eq. 2 as a function of 
data, using least square fitting. 
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Table 4.4. Relationships between fundamental and realised niches. Pearson correlation 
coefficients calculated between maps of EPR estimated from Eq 2 (E) and PEPR from 
Eq 3 (E*), abundance (Ab) for the period 1960-2005 (see Fig. 4.28) and at a decadal 
scale (see Fig. 4.29). Abundance data were transformed (loglO(Ab+l )) prior to the 
calculation of correlation. 'nf' denotes the degree of freedom needed to have a 
significant correlation at p = 0.0 1. This was calculated to evaluate the strength of the 
con·elation and to take into account that data are spatially autocoiTelated. For example, 
when nf = 10 and n = 3000, this indicates that the correlation remains significant even 
when 10/3000 geographical pixels are kept (0.33% ofthe 3000 pixels). 
degree of degree of 
freedom freedom 
All regions correlation probabilit:t (n) (nf) 
E/ E* 0 .89 < 0.001 3144 10 
E /Ab 0.71 < 0.001 1697 18 
E* I Ab 0.79 < 0.001 1698 14 
Regions >50m 
E/ E* 0.93 < 0.001 2757 8 
E I Ab 0.81 < 0.001 1618 13 
E* I Ab 0.82 < 0.001 1618 13 
Decadal anal~sis 
E* I Ab {1960-1969~ 0.62 < 0.001 1567 25 
E* I Ab (1970-1979~ 0.74 < 0.001 1528 17 
E* I Ab { 1980-1989 ~ 0.82 < 0.001 1227 13 
E* I Ab {1990-1999~ 0.79 < 0.001 1189 14 
E* I Ab {2000-2005~ 0.79 < 0.001 1358 14 
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At a decadal scale, spatial distribution of the abundance of C. jinmarchicus also closely 
corresponds to EPR (Fig. 4.29). Con·elations ranged from 0.62 in the 1960s to 0.82 in 
the 1980s (Table 4.4). It is interesting to note that correlations are fairly constant (with 
no observed trend) and that EPR explains between 38.44% and 67.24% of the variation 
in the abundance of C. jinmarchicus. A concomitant northwards movement of the 
species and EPR is observed in the north-eastern part of the North Atlantic Ocean after 
the 1980s (Fig. 4.29). The reduction in the abundance of the species detected in the 
North Sea after 1990 is clearly explained by PEPR. A reduction is a lso detected over the 
eastern Scotian Shelf. 
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Figure 4.29. Decadal changes in the spatial distribution in the abundance of C. 
finmarchicus (in left) and egg production rate (in right). Abundances are extrapolated 
using to improve the number of values and thus increase the quality of model 
comparison. The isotherm 9- l 0°C is represented by asterisks (Beau grand et al. , 2008). 
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The close correspondence in the spatial distribution of both abundance and PEPR and 
thereby both fundamental and realised niches as well as the constancy of the correlation 
at the decadal scale together make it reasonable to use PEPR as a proxy to forecast the 
spatial distribution of C. jinmarchicus, utilising scenario of temperature changes from 
AO-GCMs (here ECHAM 4 data using the moderate scenarios A2 and B2). This way of 
forecasting the spatial distribution of the species is currently neglected and more 
emphasis is needed on the estimation of the likely distribution from the realised niche. 
Mapping of forecasted PEPR for the 2050s and the 2090s shows a pronounced 
biogeographical change in the north-eastern part of the North Atlantic Ocean (Fig. 
4.30b-c). In the North Sea, the species could disappear at the end of the 21 51 century 
(Fig. 4.30c). Changes are observed on the western side of the Atlantic. Although our 
analysis is limited in spatial resolution, decrease in the abundance of C. finmarchicus 
could be observed over George Bank and Newfoundland. 
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Figure 4.30. a. Spatial distribution of egg production ra te of C. finmarchicus based on 
observed SST data for the period 2000-2005. b. Projected spatial distribution of egg 
production rate based on scenario A2 of SST change for the period 2050-2059. The egg 
production rate is used here as a proxy to evaluate future changes in spatial distribution 
of the abundance of C. finmarchicus with global climate change. c. Projected spatial 
distribution of egg production rate based on scenario A2 of SST change for the period 
2090-2099. Scenario B2, which gives very similar results, is not presented. The 
isotherm 9-1 0°C is represented by asterisks (Beau grand et al. 2008). 
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4.D. Discussion 
This study provides compelling evidence, at a macroecological scale, that the spatial 
distribution of a species (here a marine pelagic species) is constrained by the influence 
of temperature on its physiology (e.g. Huggett, 2004). A close relationship has been 
found between the fundamental and the realised niche (i.e. its optimal part) of C. 
finrnarchicus which was evident when egg production rates and spatial distributions 
were mapped together at both bioclimatological and decadal scales (Fig. 4.28 and 4.29, 
Table 4.4). Our results demonstrate that the species is general ly present in regions 
where it can reproduce and that a high level of abundance is detected in places where 
reproduction is maximal. Th is COITespondence between physiology and spatial 
distribution was expected from the ecological niche theory (e.g. Leibold, 1995; Guisan 
& Thuiller, 2005; Begon et al., 2006) illustrated in figure 4.26 and some authors also 
stressed this relationship from laboratory experiments (Parmesan (2005) and references 
therein). To our best knowledge, such results have never been established on actual 
data. 
Foundations of niche modelling are intimately linked to the Hutchinson 's fundamental 
and realised niche concepts and most modellers subscribe to this framework (Guisan & 
Thuiller, 2005; Araujo & Guisan (2006) and references therein)). Despite that some 
authors argue that ecological niche models based on observed data provide an 
approximation of the fundamental niche (e.g. Soberon & Peterson, 2005), many more 
consider that niche models provide a spatial representation of the realised niche (e.g. 
(Guisan & Zimmermann, 2000; Pearson & Dawson, 2003). Chase & Leibold (2003) 
suggest dropping the Hutchinson ' s concept and provided a major revision of the niche 
theory. They defined the niche as the environmental conditions that allow a species to 
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keep the population growth rate positive or null (besides both immigration and 
emigration). Our results do suggest however that the combined use of both fundamental 
and realised niches enables a better understanding of the environmental conditions that 
allows the growth of the population (Chase & Leibold, 2003). 
Two hypotheses can be proposed to explain the correlation between potential egg 
production and abundance observed in this study. First although dispersal is generally 
considered to be high in the pelagic realm (Longhurst, 1998), hydro-dynamical features 
might behave as a barrier and prevent migration. Indeed, the spatial distribution of C. 
flnmarchicus clearly matches the subpolar gyre and is limited by the Oceanic Polar 
Front (Dietrich, 1964) and associated oceanic currents (Krauss, 1986; Helaouet & 
Beaugrand, 2007). Second, the link between egg production and spatial distribution may 
be explained by the fact that an expatriated population is unlikely to persist and 
therefore to be detected at the scale of our study. Pulliam (2000) stressed that a 
population may persist as long as the immigration rate from source regions nearby is 
sufficient. Dispersion from source habitats (region where local reproduction exceeds 
mortality; Pulliam (1988)) seems to be rapidly counteracted by mortality related to 
physiological stress, which might in turn be worsened by interspecific competition, 
parasitism and predation in sink habitats (regions where mortality exceeds local 
reproduction (Pulliam, 1988)). 
Our results show that C. flnmarchicus could be abundant in the North Sea as the model 
forecasts high reproductive potential. This paradox has already been noted by Heath et 
al. (1999a). The species is not observed throughout the year because it typically requires 
bathymetry > 500 m to overwinter in diapause (Hirche, 1996). The North Sea is thought 
to be invaded each spring by adults from deeper oceanic regions (Heath et al. , 1999a). 
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Not only the magnitude of the spring invasion has reduced due to a warming of the 
Norwegian Sea Deep Water (Heath et al., 1999a), but our results also suggest that the 
potential for this remaining population to reproduce and grow during the season has 
been considerably reduced. Year-to-year changes between the abundance of C. 
finmarchicus and modelled egg production rate in this region are highly correlated (r = 
0.66, p < 0.001 , 45 years). The parallelism between decadal changes in both egg 
production and abundance (see Fig. 4.29) indicates that a reduction of offspring quickly 
propagates to the level of species population. The concomitant changes between level of 
abundance and egg production rate suggests that an approach based on physiological 
rule combined with biogeographical information enables better projections of change in 
spatial distribution to be made (Parmesan 2005). Overall we found a very close link 
between abundance and potential PEPR. However, at a regional scale, local 
hydrodynamics may have a strong influence such as the volume of Norwegian Sea Deep 
Water and its influence on spring invasion (Heath et al. 1999a) on the eastern side of the 
North Atlantic or the influence of the state of the NAO and its impact on Labrador Sea 
Water (Greene, 2003). 
Modelled sea surface temperature (SST) data from the ocean-atmosphere general 
circulation model (ECHAM4 scenarios A2 and B2) and observed sea surface 
temperature (COADS) data are highly positively correlated in the area covered by this 
study, showing that we can be confidant in the use of the two scenarios of changes in 
SST for our projection of spatial patterns in egg production rate (Beaugrand et al. , 
2008). Modelled changes in egg production rate for the period 2050-2059 and 2090-
2099 show a substantial poleward movement of the species of about one degree of 
latitude per decade (Fig. 4.30). Regions characterised by high abundance and high 
reproduction rate, observed (Fig. 4.29) or modelled (Fig. 4.30), are just below the 
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isothem1 9-1 ooc. This isotherm represents a biogeographical boundary between the 
Atlantic Arctic and Atlantic Westerly Winds Biome (sensu Longhurst, 1998) 
(Beaugrand et al. , 2008). Beaugrand et al. (2008) linked a change in the location of this 
boundary to abrupt ecosystem shift affecting the food web from phytoplankton to 
zooplankton to fish. As a key structural species (Pianque & Batten, 2000; SpeiTs et al., 
2004), C. finmarchicus is one of the most abundant copepods in subarctic waters of the 
North Atlantic Ocean (Conover, 1988). This species transfers energy from 
phytoplankton to upper trophic levels (Mauchline, 1998) and represents a key-prey for 
at least some stages of exploited fish (e.g. cod (Sundby, 2000)). Its biogeographical 
movement might therefore reveal major ecosystem changes that wi ll propagate 
northwards if climate watming continues (Intergovernmental Panel on Climate Change, 
2007b ). The expected changes in the abundance of the species might impact the 
trophodynamics of the pelagic ecosystems, altering predator-prey relationships 
(Cushing, 1997) and some biogeocbemical cycles (Beaugt·and, 2009). 
Current knowledge of the spatial distribution of species is limited in the pelagic realm, 
which cover 71% of the earth surface. By establishing a link between physiology, 
ecological niches and species distribution, our study opens a new way to predict 
potential response of species and ecosystems to global climate change. Further 
investigations of regions and species for which information on physiology and 
distributional pattem are known would enable to generalise this link to other realms. 
Such a validation might bring new empirical evidence to the ongoing debate on the 
redefinjtion of the ftmdamental and realised niches (Arattjo & Guisan, 2006). 
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Chapter 5 
Macroecology and macrophysiology of Calanus finmarchicus 
in the North Atlantic Ocean 
The present chapter is constituted by thefollowingpaper (in submission): 
Helaoui!t, P. , Beaugrand, G., Reid, P.C. , submitted. Macroscale ecophysiology of 
Calanus finmarchicus in the North Atlantic Ocean. Global ecology and Biogeography. 
Both structure and functioning of pelagic mid and high-latitude ecosystems are 
influenced by the dynamics of copepod populations. Among copepods, the species 
Calanus finmarchicus exerts a central role in the trophodynamics of subarctic 
ecosystems in the North Atlantic Ocean. The species C. finmarchicus, along with all 
other copepods, permanently adjusts to spatial and temporal variability in their 
environment. To keep their critical developmental phases (e.g. production of eggs) 
tuned to the environment a species can attempt to adjust by modifying the timing of its 
life cycle. Changes in phenology constitute the first type of response of a species to 
changes in environmental forcing. Here, we combined a macroecological and a 
physiological approach to investigate how the environment controls the phenology of C. 
finmarchicus as well as its biogeographical distribution. Both approaches are based on 
the ecological niche concept (sensu Hutchinson). The macroecological approach was 
used to identify the principal factors explaining the biogeographical distribution of the 
species. While the realised niche was inferred from the spatial distribution, the 
physiological approach allows the fundamental niche to be assessed by investigating the 
link between egg production rate and sea surface temperature. Results indicate that the 
main drivers of the spatial distribution remain stable throughout the year and 
chlorophyll a has a gradual influence from spring to autumn. The seasonal comparison 
of both niches together reveals their entanglement and high1ights the particularity of the 
North Sea where difference between niches is obvious. 
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Chapter 5: Macroecology and macrophysiology of Calanus 
finmarchicus in the North Atlantic Ocean 
SA. Introduction 
Understanding how the environment controls the spatial distribution of a species is 
crucial for issues ranging from climate change projections to endangered species to 
resource management (Sanchez-Cordero et al., 2005). Consequently, a significant part 
of the research in ecology has focused on the identification and the quantification of 
processes that link a species to its habitat (Lomolino et al. , 2006). Although a number of 
methodological difficulties remain (e.g. spatial autocorrelation, a paucity of training set, 
minimal consideration of species interaction), results obtained in many cases provide 
important information to model the spatial distribution of species and explain how it 
may interact with the environment in a changing world (Araujo & Luoto, 2007; Bigg et 
al. , 2008). 
To assess potential impacts of climate change on species, a number of models have been 
developed for plants (e.g. Guisan & Thuiller, 2005) and anjmals (e.g. Hirzel et al. , 
2002). Most of them have focussed on the identification of a bioclimate envelope (or 
climate space) (e.g. Pearson et al. , 2002), on the correlation between species distribution 
and environmental variables (e.g. Helaouet & Beaugrand, 2007) or on a physiologica l 
response to climate variations (e.g. Guisan & Zimmennann, 2000; Bigg et al. , 2008; 
Helaouet & Beaugrand, 2009). These models provide an estimation of ecological 
requirements of the species and are therefore linked to the ecologica l niche concept. 
Hutchinson (1957) defined the ecological niche as representing the range of tolerance of 
a species when all env ironmental factors are taken simultaneously which includes 
notions of interspecific competition and dispersal (Hutchinson, 1957). This led to the 
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distinction of two concepts, the realised and the fundamental niche that symbolise the 
two different ways of defining the entire ecological properties of a species. 
Plankton represent an important functional unit of marine pelagic ecosystems. This 
group provides half of global primary production (Falkowski et al., 1998) and exerts a 
central role in some biogeochemical cycles (Roemmich & Mcgowan, 1995; Beaugrand, 
2009). Both plankton composition and abundance are strongly influenced by hydro-
climatic change often originating from natural variability. Much covariation between 
climate variations and the plankton abundance and composition have been identified 
(Beaugrand et al., 2003a). Climate change alters the phenology of organisms, modifies 
the distribution of species and changes the composition of assemblages (Edwards & 
Richardson, 2004; Beaugrand et al., 2009). By impacting plankton, climate variations 
drive the quantity of energy available in the marine system as well as its transfer 
through the food chain (Kirby et al., 2009). 
Calanus jinmarchicus is one of the most studied copepods. The spectes is found 
preferentially in the Atlantic Arctic biome north of the Oceanic Polar Front (Longhurst, 
1998), one of the most productive areas of the world (Sarmiento et al., 2004). As a key 
player of the secondary production, the species has an important role in the 
trophodynamics of subarctic Atlantic ecosystems (Beau grand et al., 2003a), entering for 
example in the diet of some exploited species (e.g. the larval stage of the Atlantic cod 
(Beaugrand et al., 2003a)). Thereby, a drastic decrease in the abundance of C. 
finmarchicus could have strong impact on both the structure and functioning of the 
ecosystems of the region (Reid et al., 2003b). 
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The investigation of the relationship between both realised and fundamental niches of 
C. jinmarchicus is a prerequisite for a better understanding of the spatial distribution of 
the species in the North Atlantic Ocean and adjacent seas. The aim of the study was (I) 
to quantify at a macroecological scale the main abiotic factors impacting the spatial 
distribution of Calanus jinmarchicus in the North Atlantic Ocean, (2) to assess changes 
in the explicative power of those drivers at a seasonal scale and (3) to investigate 
potential changes in the abundance of C. jinmarchicus in some key regions by using 
joint macroecological and ecophysiological methods based on the niche concept of 
Hutchinson ( 1957). 
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S.B. Materials and methods 
5.B.l. Studied areas 
The zone investigated in the first part of the study extends from 99.5°W to 19.5°E of 
longitude and 29.5°N to 69 .5°N of latitude and is considered representative of the North 
Atlantic Ocean. A focus was also made on the "Subarctic Gyre" within 55.5°W to 
35.5°W longitude and from 50.5°N to 60.5°N latitude and the North Sea enclosed by 
4.5°W to 10.5°E longitude and 50.5°N to 60.5°N latitude (Fig. 5.31). 
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Figure 5.31. Spatial distribution of Ca!anus finmarchicus in the North Atlantic Ocean 
(no interpolation made). Areas representing the Subarctic Gyre and the North Sea are 
superimposed (in red). 
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5.B.2. Biological data 
Data on the abundance of both Calanus finmarchicus and total diatoms were provided 
by the CPR survey (Batten et al., 2003). Only data for adult C. finmarchicus were used 
to build a monthly climatology based on the average of data from 1960 to 2002. 
"Diatoms" represent the aggregation of 59 genera. 
5.B.3. Environmental Data 
All environmental data had a spatial resolution of I o longitude and I o latitude and were 
used because of their recognised influence, either direct or indirect, on the spatial 
distribution of C. finmarchicus (Helaouet & Beaugrand (2007) and references therein). 
We obtained a monthly climatology for each parameter (matrix 120 x 40 x 12 
geographical cells for the North Atlantic). 
5.B.3.A. Sea Surface Temperature (SST) 
Sea surface temperature originated from the Comprehensive Ocean-Atmosphere Data 
Set (COADS) and was downloaded from the National Oceanographic Data Centre 
(NODC) (Woodruff et al., 1987). A climatology was built using monthly means from 
1960 to 2002. The potential impact of changes in SST on spatial distribution was 
evaluated using data from the ECHAM 4 (EC for European Centre and HAM for 
Hamburg) model for three time periods (2010-2019; 2050-2059; 2090-2099). Data used 
here are modelled data based on scenario A2 (concentration of carbon dioxide of 856 
ppm by 21 00). Data based on LPCC scenario B2 (concentration of carbon dioxide of 621 
ppm by 21 00) were also used but are not presented due to the similarity of the results 
with A2. 
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5.8.3.8. Clrloroplryll a 
Chlorophyll a values came from the programme and satellite Sea-viewing Wide Field-
of-view Sensor (ScaWIFS) from the National Aeronautics and Space Administration 
(NASA). A climatology based on monthly means from 1997 to 2002 was used. 
Chlorophyll a is used here as an index of food availability and can be therefore 
considered as an environmental factor. 
5.8.3.C. Batlrymetry 
Bathymetry data originated from the database General Bathymetiic Chart of the Oceans 
(GEBCO). The spatial variability in the bathymetry was from (He1aouet & Beaugrand, 
2007). A high variability in bathymetry is generally characteristic of continental slope 
reg10ns. 
5.8.3.D. Clremica/ data 
Salinity constitutes an important limiting factor for many marine species (Kinne, 1964). 
Climatology of this parameter as well as those for silicate, phosphate, nitrate and 
dissolved oxygen were downloaded from the World Ocean Atlas 2001 (WOAl) 
database. Values were selected at 1 Om depth to fit with the characteristics of the CPR 
sampling method. 
5.8.3.£. Water column stability 
Most of the abrupt ecological changes occur across a few ten-metre depth constituting 
the epipelagic zone (Longhurst, 1998). Both mixed layer depth (MLD) and wind 
induced turbulence have been used as indicators of water column stability. The wind-
induced turbulence index originated from the Comprehensive Ocean-Atmosphere Data 
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Set (COADS) and was down loaded from the interne! site of the National Oceanographic 
Data Center (NO DC) (Woodruff et al., 1987). 
5.B.4. Statistical analyses 
5.8.4.A Quantification of the influence of each parameter on the spatial distribution 
A total of 13 Principal Component Analyses (PCAs) were carried out. First PCA was 
applied on the annual climatology of the ll environmental parameters to determine the 
correlation between all environmental parameters and C. jinmarchicus, added in the 
analysis as a supplementary variable. Twelve separate PCAs were applied to evaluate 
the monthly changes in the contribution of the environmental parameters to the first 3 
principal components (adding again C. jinmarchicus as a supplementary variable). 
These analyses were conducted to help characterise the realised niche. An important 
assumption when using a PCA is the multinormality of the data. This assumption was 
checked using a test of normality for every parameter and when needed, the normalising 
procedure called "Omnibus" was used on the data (Legendre & Legendre, 1998). This 
macroecological approach allows the influence of abiotic parameters to be identified 
and quantified. 
5.8.4.8. Determination of the optimal part of the fundamental niche 
An ecophysiological approach based on an assessment of the Potential Egg Production 
Rate (PEPR) of C. jinmarchicus was used to estimate the central part of its fundamental 
niche (Helaouet & Beaugrand, 2009). Assuming that reproduction is maximal when the 
species is within the optimal part of its fundamental niche (Helaouet & Beaugrand, 
2009), PEPR at time t and location s (P4,, in Eggs.femate·1.d" 1) was calculated from an 
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adaptation of the equation of Heath et al. (2000) to calculate this information based only 
on SST (Helaouet & Beaugrand, 2009). 
A-((T,,,-T"P' )B f 
P,,s=3.06x10 100 (2) 
With Tt,s the sea surface temperature (in °C) at timet (ranging from 1960 to 2002 for 
each month) and locations. Topt is the temperature optimum (6°C). Parameters A and B 
are respectively equal to 60 and 1.9 (Heath et al., 2000). 
5.B.4.C. Spatial distribution and the fundamental niche 
The realised niche represents the fundamental niche modified by factors such as 
dispersal that increase the breadth of the niche or factors such as competition that, on 
the contrary, tighten it (Hutchinson, 1957; Pulliam, 2000). A Pearson coefficient of 
correlation was calculated to examine relationships between the spatial distribution of 
C. finmarchicus (i.e. the realised niche) and the potential egg production rate (optimal 
part of the fundamental niche) for each month as well as for the entire year. The 
minimum degree of freedom needed to have a significant correlation (p = 0.01) and 
corresponding to the observed correlation value was assessed to evaluate the potential 
impact of spatial autocorrelation when correlation was calculated between maps 
(Beaugrand et al., 2008). A conservative probability threshold was chosen (p = 0.01) to 
again consider that the data are spatially autocorrelated. 
5.B.4.D. Determination of the realised niche 
We consider that the observed spatial distribution of a species is constrained by both 
abiotic and biotic factors, which include interspecific relationships and dispersal. The 
entire distribution of C. finmarchicus represents the synergistic outcome of all factors 
and may be considered as a spatial representation of the realised niche (Helaouet & 
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Beaugrand, 2009). As results from the PCAs indicated that temperature and chlorophyll 
a were important parameters, we projected the n-dimensional realised niche on a 2-
dimensional diagram using monthly sea surface temperature and an index of the 
monthly abundance of total diatoms inferred from the CPR survey (see Fig. 5.35). To 
determine the number of environmental categories, the minimum and maximum values 
were first calculated and intervals were chosen by trial and error. We used categories 
instead of information on abundance to take into account the specificity of 
phytoplankton counting by the CPR survey (Colebrook, 1960) that limits the number of 
small values. The abundance of diatoms was converted into 5 categories: I (absence); 2 
(I - 104); 3 (104 - 10\ 4 (105 - 106); 5 (106 - 10\ SST was categorised using a step of 
I oc between -2°C and 25°C. The coldest and warmest years of the time period ( 1960 -
2002) were determined in both the North Sea ( coldest year = 1963 and warmest year = 
2002) and the Subarctic Gyre ( coldest year = 1972 and warmest year = 200 I). The 
abundance and PEPR of C. jinmarchicus were calculated for these two years and these 
two regions for each category of diatoms and SST on a monthly basis and projected on 
the realised niche. 
5.B.4.E. Projections of changes in the abundance of C. finmarchicus 
First, a reduction of the two-dimensional (diatoms and SST) realised niche based on 
data of the period 1960-2002 was performed to keep only intervals of annual SST as 
information on future abundance in diatoms was obviously not available. The resulting 
data had information on abundance of C. jinmarchicus for each degree of annual SST 
between -2°C and 22°C. To assess the thermal limits of the realised niche, two 
percentiles were then calculated on the cumulated abundance (e.g. the 95111 and 991h 
percentiles) of C. jinmarchicus and the associated SST was identified by linear 
interpolation. Therefore, the two temperatures indicated the annual SST from which the 
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abundance of the species became inferior to 5% and I%, respectively. Second, projected 
annual SSTs using Scenario A2 were superimposed for three decades in both the 
Subarctic Gyre and the North Sea. For each region, the coldest and warmest years were 
identified for each of the three decades 20 I 0-2019, 2050-2059 and 2090-2099. Third, 
the standardised values of PEPR were also calculated in the Subarctic Gyre and in the 
North Sea using Equation 2 and the calculated average SST for the three time periods. 
I I I 
5.C. Results 
5.C.J. Influence of environmental parameters on the spatial distribution 
of C. jinmarchicus 
All of the 11 environmental parameters were normalised by usmg the "Omnibus" 
transformation. A graphical control of a subset of 4 variables showed the normality of 
the data after applying the method (Fig. 5.32). A first PCA was applied on the two-way 
table with a total of 57,600 rows (120 longitudes x 40 latitudes x 12 months) and 11 
columns corresponding to the environmental variables. The examination of the first two 
normalised eigcnvectors (69.8 % of the total variance) showed that variables such as 
SST and salinity were positively related to the first principal component, while 
nutrients, chlorophyll a, bathymetry and dissolved oxygen contributed negatively. The 
mixed layer depth and the wind-induced turbulence were positively linked to the second 
principal component (Fig. 5.33a-b) and the coefficient of variation in the bathymetry 
was positively related to axis 3 (Fig. 5.33b; 7.5 %of the total variance). The analysis 
showed negative relationships between the mean spatial distribution of C. jinmarchicus 
and the spatial pattern in SST and salinity, a positive link with nutrients, chlorophyll a, 
bathymetry and oxygen. No clear link was found between bathymetry, the structure of 
the water column and C.jinmarchicus. 
A standardised PCA was applied on the table (120 longitudes x 40 latitudes) x 11 
environmental variables for each month to evaluate the seasonal changes in the relative 
contribution of the main drivers to the spatial distribution of C. jinmarchicus. The first 
five most important contributors of the first principal component are summarised for 
each month (Table 5.5). Ca/anus jinmarchicus, added to each analysis as a 
supplementary variable, was only related (negatively) to the first principal component 
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(Table 5.5) showing a range of correlations between -0.46 in December and -0.70 in 
June. Results showed that the first principal component was generally dominated by 
SST (first contributor) and oxygen concentration (second contributor). The contribution 
of the concentration of chlorophyll a was more important between May and October 
with a maximum in September (Table 5.5). Parameters that contributed most to the first 
principal component and thus the spatial distribution were temperature (and its 
correlates dissolved oxygen and nutrients) and chlorophyll a. The second principal 
component was mainly dominated by parameters representing the structure of the water 
column: MLD, the wind-induced turbulence and occasionally the spatial variation in the 
bathymetry. 
Table 5.5: First five contributors (C I to CS) for the first principal component (PC I) for 
each month. SST: sea surface temperature; SAL: salinity; NIT: nitrate; PHO: phosphate; 
TUR: turbulence rating; CHL: chlorophyll a; MLD: mixed layer depth; SIL: silicate; 
BAT: bathymetry; CVB: variation of bathymetry; OXY: oxygen dissolved. The sign of 
the relationship between each descriptor and the principal component is also given. 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
.().50 .().53 ..().62 ..().65 -0.69 ..().70 ..().65 .().57 .().58 .().59 .().56 ..().46 
C1 +SST .QXY +SST +SST +SST +SST -OXY +SST +SST +SST +SST +SST 
PC1 C2 .QXY +SST -OXY .QXY -OXY .QXY +SST .QXY -CHL .QXY -OXY -OXY 
C3 -PHO +SAL +SAL +SAL -CHL -CHL -CHL -CHL -OXY -CHL -PHO +SAL 
C4 +SAL -PHO -PHO -PHO +SAL +SAL -PHO +SAL +SAL -PHO +SAL -PHO 
CS -SIL -SIL -SIL -SIL -PHO -PHO +SAL -PHO -PHO +SAL -CHL -CHL 
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Figure 5.32. Example of distribution of 4 parameters used in the Principal Component 
Analysis, before (left) and after (right) the normalis ing procedure 'Omnibus" . (a) 
temperature, (b) dissolved oxygen, (c) chlorophyll a, (d) bathymetry. 
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Figure 5.33. Results from a standardised PCA performed on normalised environmental 
data. (a) Normalised eigenvector l and 2 (69.8%). (b) Normalised eigenvector 2 and 3 
(28.3%). Circle of correlation (radius = 1) and circle of regime descriptor contribution 
(radius = E = 0.43) are also displayed. SST: sea surface temperature; SAL: salinity; 
NIT: nitrate; PHO: phosphate; TUR: turbulence rating; CHL: chlorophyll a; MLD: 
mixed layer depth; SIL: silicate; BAT: bathymetry; CVB: variation of bathymetry; 
OXY: oxygen dissolved; CFIN: C.finmarchicus 
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5. C.2. Spatial distribution of C. finmarchicus and the fundamental niche 
The assessment of the optimal part of the fundamental niche was based on the 
calculation of PEPR (see Materials and Methods). On an annual basis, the spatial 
distribution of PEPR closely matched the spatial distribution of the abundance of C. 
finmarchicus (r = 0.78, Table 5.6). This result highlights the close correspondence 
between the physiological constraints and the geographical pattern in the abundance of 
this species. 
The seasonal changes in the spatial distribution of both abundance and PEPR of C. 
finmarchicus were examined for four selected months (January, April, July and 
October) (Fig. 5.34). In January, C. finmarchicus was mainly located in the westem part 
of the North Atlantic Ocean along the American shelves between 70°W and 40°W of 
longitude and 40°N and 50°N of latitude. The species was almost absent at the surface 
in the eastem part (Fig. 5.34a). On the contrary, the physiological model forecasted a 
high PEPR in the entire area located north of the Oceanic Polar Front (Fig. 5.34b) 
leading to a significant but small correlation between the maps (r = 0.25, Table 5.6). In 
April, the spatial distribution of the abundance covered almost all regions north of the 
Oceanic Polar Front (Fig. 5.34c). The figure also showed a rise in the abundance level 
of the species off the Norwegian coasts and in the northern part of the North Sea. The 
relationship between abundances and PEPR increased (r = 0.69, Table 5.6). In July, 
abundances continued to increase in the western and eastern parts of the area and 
especially in the Subarctic Gyre, corresponding to the main core of the spatial 
distribution of the species (Fig. 5.34e). There was a pronounced decrease in PEPR 
values in the south-western and the north-eastern regions of the North Atlantic Ocean. 
This diminution in PEPR, associated with a rise in the abundance of the species, 
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produced a low correlation with abundance in comparison to the previous month (r = 
0.52, Table 5.6). In October, abundances diminished over the whole area (Fig. 5.34g) 
while estimated PEPR remained stable (Fig. 5.34h). This contributed to an increase in 
the correlation between the spatial distribution of C. jinmarchicus and its fundamental 
niche (r = 0.74, Table 5.6) 
Table 5.6. Annual and monthly relationships between abundance and egg production 
rate of C. jinmarchicus. Pearson correlation coefficients calculated between maps of 
abundance and egg production rate (Eggs.female- 1.d-1) for the period 1960-2005. 
Abundance data were transformed (log10(Ab+ I)) prior to the calculation of the 
coefficient of correlation. "nf' denotes the degree of freedom needed to have a 
significant correlation at p = 0.0 l. This was calculated to evaluate the strength of the 
correlation as data are spatially autocorrelated. For example, when n = 3000 and nf = 
l 0, this indicates that the correlation remains significant even whcn"b.33% of 
geographical pixels are retained (Beaugrand et al., 2008). 
m1mmum 
degree of degree of 
freedom freedom 
Month correlation probability (n) (nf,p=0.01) 
Janua~ 0.25 < 0.001 1144 171 
Februa~ 0.20 < 0.001 1050 268 
March 0.40 < 0.001 1144 65 
A~ril 0.69 < 0.001 1131 20 
May 0.69 < 0.001 1094 20 
June 0.57 < 0.001 1164 30 
Jul~ 0.52 < 0.001 1090 38 
Auaust 0.43 < 0.001 1166 56 
September 0.55 < 0.001 1176 34 
October 0.74 < 0.001 1156 17 
November 0.60 < 0.001 1150 27 
December 0.32 < 0.001 1112 101 
Annual 0.78 < 0.001 1698 14 
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Figure 5.34. Monthly spatial distribution of both abundance (left; log(X + 1 )) and egg 
production rate (right; standardised) of Calanus finmarchicus in the North Atlantic 
Ocean for the period 1960-2005. No interpolation was made. (a-b) January. (c-d) April. 
(e-f) July. (g-h) October. 
118 
5.C.3. Determination of the realised niche 
Results from both the annual and monthly PCAs suggested that temperature and food 
concentration (chlorophyll a) were important limiting factors of the spatial distribution 
of C. finmarchicus. The realised niche was mapped by projecting the abundance of C. 
finmarchicus on a two-dimensional diagram as a function of SST and the abundance of 
total diatoms (Fig. 5.35). The seasonal trajectories in both the abundance of C. 
finmarchicus and PEPR of the coldest and warmest years in the Subarctic Gyre and the 
North Sea were superimposed on the realised niche. 
In the Subarctic Gyre, seasonal changes in the abundance and PEPR of C. finmarchicus 
were similar and appeared to be confined to the optimal part of the realised niche (Fig. 
5.35a-b ). Both the abundance and PEPR of the species were elevated, corroborating the 
assumption that the area was located in the central part of the realised niche. During the 
period 1960-2002, the environmental conditions (temperature and food conditions) in 
the Subarctic Gyre remained inside the realised niche. Indeed, variations in SST 
between the coldest ( 1973) and the warmest (200 I) year had a little impact on the 
capacity of the species to produce eggs and to be abundant. 
Results were different in the North Sea (Fig. 5.35c-d). The species was not located in 
the centre of its realised niche and its abundance was generally less than in the Subarctic 
Gyre. During the coldest year ( 1964), the species remained inside its niche with its 
maximum abundance in July, reaching only temporarily its edge in August. During the 
warmest year (2002), the species reached its seasonal maximum in May and was outside 
its niche during four months between June and September (Fig. 5.35c). The examination 
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of the seasonal pattern in PEPR indicated a potential strong physiological stress. These 
reduced considerably the period of seasonal growth (Fig. 5.35d). 
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Figure 5.35. Abundance of Calanus finmarchicus (standardised between 0 and 1) as a 
function of both categorised abundances of diatoms and SSTs for the whole area. 
Thermal limits of the realised niche corresponding to the 95th (dashed red line) and 99th 
(red line) percentiles calculated on the cumulated abundance are superimposed. (a-c; 
circles) abundances of the species for the coldest (in white; 1973 for the Subarctic Gyre 
and 1964 for the North Sea) and the warmest (in black; 2002 for the Subarctic Gyre and 
2001 for the North Sea) year of the whole time period (1960-2002) are represented in 
function of SSTs and abundances of diatoms. (b-d; circles) PEPR of the species are 
represented as a function of SSTs only for both the coldest and the warmest year of the 
time period 
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5. C.4. Projections of changes in the abundance of C. finmarchicus 
The thermal limits of the realised niche were 12.1 ac (95th percentile) and 15.4°C (99th 
percentile; Fig. 5.36a-b). In the Subarctic Gyre, the coldest years for the three time 
periods were respectively 2012, 2057 and 2090 whereas the wannest years were 2019, 
2054 and 2099 (Fig. 5.36a). Projections for the next decade suggest that the area will 
meet the species requirements. By the middle and the end of this century, the species 
might start to experience some degree of physiological stress in summer during warm 
years. However, if annual SST follows Scenario A2, the species will never reach the 
limit of its niche (Fig. 5.36a). 
In the North Sea, the coldest years for the three time periods were respectively 2014, 
2057 and 2092 while the warmest years were 2011, 2050 and 2098 (Fig. 5.36b). In this 
region for the next few decades, the species is likely to experience a high degree of 
physiological stress in both cold and warm years during the summer months of the year 
(Fig. 5.36b). By the middle of this century in a warm year, the species may reach the 
limit of its thermal niche. By the end of the century, the species might for most of the 
time be in a state of physiological stress and might even cross the edge of its niche for 
several months a year (Fig. 5.36b). 
Based on projected SST (Scenario A2), the estimation of PEPR in the Subarctic Gyre 
for the 20 I Os, 2050s and 2090s suggests a modest reduction in the potential production 
of eggs (Fig. 5.36c). This might not have an effect on the persistence of populations of 
C. jinmarchicus in this region but might reduce the size of the populations. In the North 
Sea, the decrease in PEPR is likely to be pronounced. By the end of the century, the 
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potential for the production of eggs of C. finmarchicus might be greatly reduced if 
temperature changes follow Scenario A2 (Fig. 5.36d). 
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Figure 5.36. Projection of annual SSTs for the coldest (in blue) and warmest (in red) 
years of the three decades (20 10-20 I 9, 2050-2059 and 2090-2099) using scenario A2 in 
(a) the Subarctic Gyre and (b) the North Sea. Thermal limits of C. finmarchicus's 
realised niche corresponding to the 95th (dashed line) and 99ih (line) percentiles 
calculated on the cumulated abundance are superimposed. Monthly PEPR of the species 
are represented as a function of averaged SSTs for the three decades 2010-2019, 2050-
2059 and 2090-2099 using scenario A2 in (c) the Subarctic Gyre and (d) the North Sea. 
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S.D. Discussion 
The concept of Hutchinson's ( 1957) n-dimensional hypervolume constitutes an essential 
tool in macroecology to help understand the way a species experiences its environment. 
The fundamental niche represents the range of tolerance of a species when several 
environmental factors are simultaneously taken into account (Hutchinson, 1957). 
Successful reproduction occurs at the centre of the fundamental niche (i.e. when 
environmental conditions are optimal, (Helaouet & Beaugrand, 2009)). The 
fundamental niche is genetically and physiologically determined whereas the realised 
niche is additionally constrained by interspecific relationships (Pulliam, 2000). Here, 
the realised niche was evaluated by projecting the spatial distribution of the species in 
an Euclidean space as a function of a few key environmental parameters. A prerequisite 
was to identify and quantify the main environmental drivers of the spatial distribution of 
the species and these were identified by applying a standardised Principal Component 
Analysis (PCA). 
The original equation used to calculate EPR took into account the quantity of food 
available using chlorophyll a as an index (Heath et al., 2000). We chose however, to 
remove the effect of food in the model for several reasons. First, correlations found 
between the spatial distribution of abundance and PEPR on a monthly basis were lower 
than when temperature was exclusively considered (Table 2). Second, the influence of 
temperature was much more pronounced than our indicator of food abundance when the 
realised niche of C. flnmarchicus was mapped as a function of these two parameters 
(Fig. 5.35). Third, temperature and chlorophyll a covaried negatively and are therefore 
not independent (r = -0.63; p < 0.001; n = 30711). Fourth, the equation that enables the 
calculation of EPR from both temperature and chlorophyll a can sometimes be 
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undetermined mathematically when the concentration of chlorophyll a is low (Helaouet 
& Beaugrand, 2009). Finally, information on chlorophyll a is likely to be projected by 
biogeochemical models with a higher degree of uncertainty than temperature 
(Buitenhuis et al., 2006). 
Sea surface temperature and to a lesser extent its correlates oxygen and nutrients 
appeared to be the most consptcuous factors driving the spatial distribution of C. 
jinmarchicus in the North Atlantic Ocean at both annual (Fig. 5.33) and monthly scales 
(Table 5.5). It is well known that temperature exerts an influence on most physiological 
processes and biological rates (Cossins & Bowler, 1987; Brown et al., 2004) and some 
studies have shown that this parameter affects growth (Huntley, 1992), development 
(Carlotti et al., 1993) and the egg production rate of C. finmarchicus (Hirche et al., 
1997; Heath et al., 2000)). While the choice to select SST as the first dimension to 
assess the realised niche was therefore straightforward, the selection of the second 
dimension was more complicated. Indeed, our study indicates that other factors also 
influence C.finmarchicus. Correlates of temperature (e.g. nutrients, oxygen) were other 
important controlling factors. Furthermore, bathymetry and salinity emerged more 
clearly than in our previous studies (Helaouet & Beaugrand, 2007; Beaugrand & 
Helaouet, 2008). The concentration of chlorophyll a was highly positively correlated 
with the abundance of C. jinmarchicus. However, its relationship was more evident 
during the reproductive season. Hirche & Kwasniewski (1997) suggested that egg 
production of C. jinmarchicus was significantly affected by low food concentration and 
low phytoplankton quality. Feeding conditions do indeed have a severe effect on the 
oocyte maturation process and therefore on reproduction (Niehoff, 2004). Chlorophyll a 
is however, not the best proxy to characterise the spatial distribution of C. finmarchicus. 
Many studies have reported that the species is a major grazer of diatoms (e.g. Castellani 
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et al., 2008). Koski & Riser (2006) showed that late copepodite stages of C. 
finmarchicus constantly selected for diatoms since ingestion and faecal pellet 
production rates were higher feeding on diatoms. Therefore, we chose to characterise 
the realised niche by using SST and an index reflecting the concentration of diatoms in 
the field. 
The joint approach, based on both the realised and the fundamental niches together, was 
complementary. Correlations between the spatial distribution of abundance 
(representative of the realised niche) and PEPR (representative of the fundamental 
niche) were remarkably high from spring to autumn, but decreased during the winter 
months (Table 5.6, Fig. 5.34). This decrease was mostly related to the fact that the 
ecophysiological model did not consider the overwintering stage of C. .finmarchicus at 
depths ranging from 500m to 2500m (Hirche, 1996). The examination of the seasonal 
pattern exhibited by the species in the North Sea (Fig. 5.35) showed that regions or time 
periods with a high level of abundance were characterised by high reproduction 
(Helaouet & Beaugrand, 2009). The niches were characterised by a well-defined 
optimum separated from the rest of the niche by a pronounced gradient between 8°C 
and I2°C within which abundance and PEPR decreased rapidly to a level inferior to 5% 
of the total abundance of the species (see Fig. 5.35). Beaugrand et al. (2008) found a 
high local biological variance in areas characterised by annual SST ranging from 9°C to 
l2°C with a peak of variability between 9°C and l0°C. It is important to note that the 
boundary observed by these authors on the basis of the examination of three trophic 
levels, coincided with that of C. jinmarchicus at the physiological (i.e. PEPR) and the 
macroecological level (i.e. abundance). At these scales, the species was mostly 
associated with lower temperature and salinity, deeper bathymetry and higher 
chlorophyll a concentration, values that are characteristic of the Subarctic Gyre 
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(Longhurst, 1998). This explains why the species is often considered as an indicator of 
this ecological province (Beaugrand et al., 2003a). 
The joint macroecological and macrophysiological approaches used here represent a 
tool against which long-term decadal and future changes in C. jinmarchicus can be 
better assessed and anticipated. The impact of climate change on marine ecosystems is 
now well documented (Intergovernmental Panel on Climate Change, 2007b). Recent 
studies have emphasised that these systems will potentially respond rapidly to climate 
warming (Weijerman et al., 2005; Beaugrand et al., 2009). However, recent studies 
indicate that the sensitivity of marine ecosystems to climate change is not constant 
spatially (Beau grand et al., 2008). Some regions, called vulnerability hots pots (i.e. 
regional discontinuities characterized by high biological variance), may react quickly to 
climate change while others will remain virtually unchanged. Our approach will help to 
develop a better understanding of this phenomenon. In the subarctic gyre, climate 
change and its effect on SST will have only a limited impact on C. jinmarchicus (Fig. 
5.35 and 5.36). The modest variations in both abundance and PEPR of C. jinmarchicus 
between a cold and a warm year suggest that the species will not be affected by climate 
until the end of this century when some degree of physiological stress may be evident. 
As an important component of the trophodynamics (Longhurst, 1998), it is therefore 
unlikely that the North Atlantic Drift Province (sensu Longhurst, 1998) will be severely 
affected this century. The position of C. jinmarchicus at the optimum of its ecological 
niche may temper the effect of variation in SST on the trophodynamics of the 
ecosystem. 
The North Sea has recently experienced substantial changes in ecosystem state (Reid et 
al., 200 I; Weijerman et al., 2005). One of the major changes that has been documented 
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has been a pronounced decline in the abundance of C. jinmarchicus. In 1962, the 
species represented 80% of the total Calanus whereas it represented only 20% of the 
genus by the beginning of the 2000s (Reid et al., 2003 b). Our approach explains well 
the pattern of change and indicates that the phenomenon is unlikely to reverse in the 
next few decades. The pattern of change might, in contrast, be reinforced. At the end of 
the century, C. jinmarchicus could be outside its thermal preference for 8 months in a 
warm year and 5 months during a cold year (Fig. 5.36). The physiological stress 
induced by rising temperature is expected to affect consecutively: reproduction, growth, 
feeding and ultimately the survival of the individuals (Schmidt-Nielsen, 1990; Helaouet 
& Beaugrand, 2009). 
Our approach does not consider explicitly (mathematically) some characteristics of the 
life cycle of the species. Although C. finmarchicus is ecologically important in shelf 
regions such as the North Sea (Beaugrand et al., 2003a; Skreslet et al., 2005), it does 
not overwinter there in substantial numbers (Hirche, 1996), but is believed to re-invade 
in spring after overwintering in deeper water (Heath et al., l999a). The north-eastern 
part of the North Sea, including the western side of the Norwegian Trench, is the only 
part of this area where the majority of copepodite survives from the overwintering 
rather than the first generation of offspring (Heath et al., 1999a). A deep reduction of 
the volume of the Norwegian Sea Deep Water has been reported (Heath et al., l999a). 
The reduction of this cold water mass may have also contributed to reduce the 
abundance of this species (Reid et al., 2003b). Another phenomenon could also 
reinforce the reduction of C. finmarchicus. Hatlln et al. (2009) have recently 
documented major ecosystem changes, seen from phytoplankton to blue whiting to pilot 
whales in the north-east Atlantic and the North Sea. The changes that have been 
correlated with a contraction of the Subarctic Gyre, that modulates the amount of warm-
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water advected in the North East Atlantic and the North Sea (Hatun et al., 2009). Such 
large-scale influences may strongly impact the abundance of the species. They often 
manifest themselves by affecting SST, which is included in our model. 
Consequences of rising temperature extend from phenological to biogeographical 
changes to modifications in dominance of key-structural species (Edwards & 
Richardson, 2004; Intergovernmental Panel on Climate Change, 2007b). Changes in 
abundance of C. finmarchicus may affect ecosystems (Reid et al., 2003b; Helaouet & 
Beaugrand, 2007), altering the diet of exploited fish (e.g. the Atlantic Cod (Beaugrand 
et al., 2003a)), modifying the flow of energy in ecosystems and the strength of the 
biological carbon pump (Beaugrand, 2009). Our approach based on the Hutchinson 
concept of the ecological niche has enabled patterns of changes observed for this key-
structural species to be better understood and may allow future changes to be better 
anticipated. 
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Chapter 6 
General conclusions 
Overall, the results of this macroecological study suggest that the distribution of species 
of the genus Calanus might be deeply impacted by climate change and consequently 
might lead to major changes in the trophodynamics of the North Atlantic ecosystems. 
Both dynamic and spatial variability of a species result from the synergistic response, at 
different temporal and spatial scales of a large quantity of biological processes, to the 
dynamic of the environment. To understand and assess the potential impact of climate 
change on species, communities, and ecosystems, it is necessary to break up the overall 
biological responses to climate following different categories of time and space. By 
focusing on macroecological patterns of key-structural species, the approach used in this 
study allows investigating separately some features characteristic of a species (e.g. 
thermal windows, egg production rate) but also to integrate their synergistic effects in a 
common framework: the ecological niche. More precisely, this study gives some 
clarifications on the relationship existing between a species and its environment which 
has led to the definition of new methods to understand and assess the potential impact of 
climate change on key-structural species of the North Atlantic Ocean. 
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Chapter 6: General conclusions 
Changes in the abundance, diversity and composition of plankton in marine pelagic 
ecosystems may have pronounced consequences for higher trophic levels and therefore 
have to be investigated. Interpretation of both temporal and spatial variability of a 
planktonic species' abundance is complex; mainly because of the difficulty to identify 
the main variables that drive species' dynamics. The climatic envelope approach is 
designed to determine the range of environmental conditions able to sustain species 
development. This statistical method constitutes a key tool in identifying a potential 
limiting factor driving the chorology of a species which can explain its presence or 
absence from an area (e.g. Green et al., 2008; Duncan et al., 2009). Nevertheless, the 
description of the variability of a species feature (e.g. the variability of its abundance) 
regarding an environmental parameter only becomes functional when the influence of 
this parameter has been previously quantified. Both qualification and quantification of 
the importance of environmental parameters on the spatial distribution of a species can 
be investigated by coupling Principal Component Analyses (PCAs) and bioclimatic 
envelopes within a macroecological approach (Chapter 3; Helaouet & Beaugrand, 
2007). 
Despite the similarity of their morphology, C. finmarchicus and C. helgolandicus 
present differences in their spatial variability suggesting some differential responses to 
environmental variability (Bucklin, 1995). The macroecological approach shows that 
both environmental window and optimum level, calculated as a function of important 
environmental parameters, allow the two species to be distinguished (Chapter 3; 
I-lelaouet & Beaugrand, 2007). lt also specifies that the main parameter explaining the 
spatial distribution of both C. finmarchicus and C. helgolandicus is SST. Even more 
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interesting, is the fact that this result holds true through a broad range of time scales 
(from the seasonal to the annual to the decadal) (Chapter 4; Helaouet & Beau~:,rrand, 
2009; Chapter 5; Helaouet et al., submitted). This stability of the thermal profile over a 
large period of time, and the predominance of SST in the structure of Calanus species 
constitute a major conclusion of this study. 
Thermal profiles of both species show clearly how a raise of SST will alter differently 
these two species. By favouring a warm temperate species such as C. helgolandicus at 
the expense of a polar key-structural species like C. finmarchicus, changes in SST can 
unbalance the dynamic of an ecosystem and therefore trigger major changes in key 
components of the food web such as the seasonal successions of dominant species 
(Beaugrand et al., 2002b), predator-prey relationships (Beaugrand & Reid, 2003), and 
recruitment of exploited species, eventually leading to negative socio-economic impacts 
(e.g. fisheries). For instance, the macroecological approach suggests that the regime 
shift that occurred in the late 1980s in the North Sea (e.g. Reid et al., 2003b; Beaugrand, 
2004b) can be explained by a change of dominance in the zooplankton community 
triggered solely by a raise of SST. 
Living organisms integrate and amplify the temperature signal through their biological 
processes which explains why looking at changes in the biology can allow an early 
detection of changes in an hydro-climatic forcing signal such as a raise of SST (Taylor 
et al., 2002). The main reason in explaining the structuring power of the temperature is 
that most of the physiological processes, and therefore associated biological rates, are 
dependent on temperature (Cossins & Bowler, 1987) and are most often described in 
terms of Q I 0. However, temperature has many covariates (concentration of oxygen 
dissolved, quantity of nutrients) (Legendre, 1995) and has therefore some indirect 
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effects that cannot be investigated using environmental windows only. While climatic 
envelopes inform on the behaviour of a species regarding one parameter, the calculation 
of the niche of a species allows taking into account the synergistic aspect of the 
environment impact (Chapter 3; Helaouet & Beaugrand, 2007). 
Hutchison made a distinction within his theory between the realised and the 
fundamental niche (Hutchinson, 1957). In summary, the realised niche represents the 
outcome of the combined etiects of the environment (both biotic and abiotic) on the 
spatial distribution of a species while the fundamental niche can be defmed as the 
response of all physiological processes of a species to the synergistic effects of 
environmental factors. By definition, the realised niche is representative of the 
requirements of a spec!Cs regarding its environment and is therefore crucial in 
developing our understanding m biogeographical research (Hutchinson, 1957). 
Performed on a large dataset, the principal component analysis constitutes a powerful 
tool to identify the realised niche since it allows the reduction of all parameters that are 
available in a reduced number of dimensions. The synthesis of n-parameters in two or 
three dimensions constitutes a simple way to assess, compare and represent the realised 
niches of several species. Applied on both C. j/nmarchicus and C. helgolandicus the 
method provides a new set of information and opens a new field of investigation. For 
instance the method indicates that both realised niches are completely separated; 
confirming that the potential response of both species to climate change might be 
different. The method also highlights that C. flnmarchicus is able to support larger 
environmental variations than C. helgolandicus since the realised niche breadth of C. 
flnmarchicus is overall larger than the one of its congeneric species. 
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Theoretically, the spatial distribution of a species should be linked to its physiology. 
Indeed, the capacity of an organism to fulfil its biological functions, and therefore to 
sustain itself within a given habitat, is mainly dictated by its physiology. Using complex 
equations, a number of models have tried to recreate the spatial dynamic of the 
distribution of species. This usually leads to the definition of accurate but complex 
models which need a large amount of time to be set up and are rarely able to be applied 
at different time- and space scales. SST appears to be not only the main parameter able 
to act on the spatial distribution and the dynamic of key-structural species such as C. 
jinmarchicus and C. helgolandicus, but it also appears to drive the reproductive rate 
(Heath et al., 2000). Based on an equation calculating the Potential Egg Production Rate 
(PEPR) using SST only, an ecophysiological model provides clear evidence of a strong 
link between the fundamental and the realised niche. This link is an integral part of the 
theory since the ecological niche concept as defined by Hutchison precisely states that 
the realised niche is nothing more than the fundamental niche for which factors such as 
dispersal and competition are integrated. The concomitant spatial changes seen in 
physiology (fundamental niche) and biogeography (realised niche) are constant at a 
monthly, annual and decadal scales allowing us to propose projections of the spatial 
distribution of the copepod as a function of different scenarios of changes in 
temperature established by the Intergovernmental Panel on Climate Change (2007b). 
This study provides for the first time evidence of the link between physiology, 
ecological niches and species distribution. The method is applicable to a diverse number 
of species since it requests only, besides some data on the spatial distribution, an 
equation linking the production of offspring to temperature. The comparison of both 
niches gives the rare opportunity to glimpse phenomenon such as competition at a 
macroecological scale. 
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Despite its usefulness, the realised niche concept of Hutchison has been poorly utilised 
by ecologists; mainly because of some conceptual, biotic and algorithmic uncertainties 
(Araujo & Guisan, 2006). However, the last decade has shown a renewal of interest for 
applied biogeography using niche concepts improving the sampling methods, model 
definition and model evaluation (e.g. Chase & Leibold, 2003; Soberon & Peterson, 
2005; Kearney, 2006; Bahn & Mcgill, 2007).The aim of this study was to provide some 
new tools to investigate the relationship between species and the environment within an 
ecosystem by integrating different fields such as physiology, biology and ecology into a 
common conceptual framework. The domain of application of this method appears to be 
large and this study highlights only a part of its potential extent. For instance, Gause's 
competitive exclusion hypothesis states that in competition between species that seek 
the same ecological niche, one species survives while the other expires under a given set 
of environmental parameters (Gause, 1934). The method can, therefore, be used to 
better understand the potential consequences of the arrival of an invasive species by 
comparing its realised niche with the one of a native species. 
In this work the niche-based approach has been specifically designed on CPR data but it 
can also be performed on any kind of datasets (the quality of results being linked with 
the quantity of observations). Both the assessment and comparison of a large number of 
ecological niches may provide a new insight into ecosystems functioning. The next step 
will be to apply the macroecological approach on a larger number of species using CPR 
database and other sources of data: for instance in the Pacific Ocean (using the Pacific 
CPR survey) and in the southern Ocean (using the Southern Ocean PCR Survey). At the 
same time, the physiology of some copepod species will be investigated to develop the 
ecophysiological approach. Afterwards, this interdisciplinary approach (macroecology 
and ecophysiology) will also be widen by adding the genetic information which seeks to 
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understand the process of inheritance. Recently, studies combining genetic, 
oceanographic, behavioural and modelling approaches have provided new insights into 
the spatial ecology of marine populations (e.g. Selkoe et al., 2008). It appears from 
results obtained that molecular tools perform at their best when integrated with other 
data and approaches, in particular regarding larval migrations, dispersal and "source-
sink" population dynamics (Neigel, 2002; Jones et al., 2005). However, data analyses 
compiling different kinds of data are complex and the necessity of using preliminary 
exploratory analyses to visualise all the different datasets appears clear. The aim of this 
kind of analysis (e.g. GUESS: The Graph Exploration System (Raymond & Hosie, 
2009)) is to recognise and explore the structure in data in order to identify some patterns 
(Raymond & Hosie, 2009). They are especially useful to examine network structures 
and processes across a number of different disciplines and therefore can facilitate the 
analytical integration of an overall ecosystem with the dynamics of its individual 
elements (e.g. hydrodynamic, ecological niches, inter- and intra-specific relationships, 
genetic markers). 
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Abstract 
Centropages typims is a temperate neritic-coastal species of the North Atlantic Oceans, generally found between the 
latitudes of the Mediterranean and the Norwegian Sea. Therefore, the species experiences a large number of environments 
and adjusts its life cycle in response to changes in key abiotic pa rameters such as temperature. Using data from the Con-
tinuous Plankton Recorder (CPR) survey, we review the macroecology o f C. typic·us and factors that influence its spatial 
distribution, phenology and year-to-year to decadal variability. The ecologica l preferences are identified and quantified . 
Mechanisms that allow the species to occur in such different environments are discussed and hypotheses a re proposed 
as to how the species adapts to its environment. We show that temperature and both quantity and qualit y of phytoplank-
ton are important factors explaining the space and time variability of C. typiC11s. TI1ese results show that C. typicus will not 
respond on ly to temperature increase in the region but a lso to changes in phytoplankton abundance. structure <t nd com-
position <tnd timing of occurrence. Methods such as <1 decision tree C<tn help to forecast expected changes in the distribution 
o f this species with hydro-climatic forcing. 
© 2007 Elsevier Ltd . All rights reserved . 
Keywurds: Macroecology: North Atlantic Ocean; Centropages typic·us; CPR survey; Statistical analyses 
1. Introduction 
Centropages rypicus is a temperate, neritic-coastal, calanoid copepod that can be found from the Medi-
terranean Sea to lat itudes as far as the Norwegian Sea (Sars, 1903; Rose, 1933; The CPR survey team, 
2004). Therefore, this species experiences a wide range of environmental factors that can potentially affect 
its physiology. reproductive biology, life history and relationships with other species (i.e. competition) 
( Ha lsba nd-Lenk et a l. , 2001, 2002). Although some workers have investigated the biology of this species 
(Dagg. 1977; Halsband-Lenk et al. , 200 I, 2002), knowledge about its spatial dist1ibution and its varia bility 
• Co rrespondi ng au thor. 
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at both seasonal and year-to-year scales remains poor at the scale of the North Atlantic Ocean (Halsband 
and Hirche, 2001). 
The Continuous Plankton Recorder (CPR) survey provides a unique source of information to improve 
understanding of spatial and temporal changes in the abundance of many planktonic species and the factors 
that control them (Reid et al., 2003; Beaugrand et al., 2001). Haury and McGowan ( 1998) stated "most time 
series studies are spatially restricted and tell little about biogeography, while spatially extensive, temporally 
restricted studies describe a static biogeography with few hints about the dynamic factors regulating species 
patterns". This problem, that is common to many monitoring programmes, is not found with the CPR survey 
at the scale of the North Atlantic basin. Indeed, this survey allows many temporal and spatial scales to be 
examined, ranging from die) to decadal variability (Hays, 1995; Fromentin and Planque, 1996; Lindley and 
Batten, 2002) and extending from a small region in the sea to the whole northern part of the North Atlantic 
Ocean ( Planque and Ibaiicz, 1997; Beaugrand et al., 2002). 
This invaluable information has been taken into consideration throughout this study to draw a more 
dynamic picture of the spatial and temporal changes in the abundance of Celllropages typicus. Specifically, 
the objectives of this study are (I) to describe the spatial distribution of Centropages typicus, (2) to examine 
temporal changes in its spatial distribution at both seasonal and year-to-year scales and (3) to evaluate the 
impact of temperature on the spatial distribution of the species. Comparison will be made with the congeneric, 
more continental species Centropages lramaflls. 
2. Materials and methods 
2. 1. Biological data 
Data on the abundance of genus Centropages come from the CPR survey. The Continuous Plankton 
Recorder (CPR) survey is an upper layer, plankton monitoring programme that has regularly collected 
samples, at monthly intervals, in the North Atlantic and the North Sea since 1946 (Warner and Hays, 
1994). Despite the near surface sampling (6.5 m; Hays and Warner, 1993), studies have shown that this 
machine gives a satisfactory picture of the epipelagic zone (Williams and Lindley, 1980; Lindley and Wil-
liams, 1980; Batten et al., 1999). The CPR was first used during the 'Discovery' expedition to the Antarctic 
Ocean in 1925-1927. Then, from 1931, it was regularly deployed along certain routes in the North Sea. The 
original idea was to use a similar methodology to that of meteorology to investigate causes and effects of 
changes in the abundance of marine plankton and to relate them to varying hydro-climatic conditions and 
catches of pelagic fishes such as herring (Hardy, 1939). As the number of sampled years has increased, it 
has become possible to study changes in the abundance and composition of species through time. Since the 
start of the programme, the survey has accumulated a large amount of data. Information about the abun-
dance of more than 450 species or taxa has been gathered from about 200,000 CPR samples collected up to 
2004, which represents 90 million data-points. More details about methods and contents this data set were 
described by Reid et al. (2003), Batten et al. (2003) and Jonas et al. (2004). In the present study, data on 
Centropages and the phytoplankton colour index (a CPR-derived index of chlorophyll concentration in the 
marine environment) were utilised. Centropages is a genus that has generally a vertical position in the water 
column above 50 m ( Fragopoulu and Lykakis, 1990; Alcaraz et a!, this issue; Irigoien et al., 2004) and die) 
vertical migration may be observed (Hays et al., 1996) or not (Visser et al., 2001 ), but see Alcaraz et al. 
(this issue). Therefore, monitoring of the genus Cemropages is not strongly affected by the constant depth 
of sampling used by the CPR survey. 
2.2. Sea surface temperature ( SST) data 
Sea surface temperature (SST) data were taken from the British Atmospheric Data Centre (http://badc.ner-
c.ac.uk/home/index.html; Had!SSTI, Hadley Centre, Met Office). This dataset based on in situ historical marine 
observations and satellite data (advanced very high resolution radiometer) represents one of the most extensive 
collections of surface marine data available that covers most regions of the world (Rayner et al., 2003). Data are 
organised in I o longitude and I o latitude boxes and arc available for every month of the period 1958-2002. 
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2.3. Spatial interpolation of data on Centropages typicus 
Data on the abundance of Centropages typicus were spatially interpolated for each month of the period 
1958-2002 (a total of 191 ,028 analysed CPR samples) using the inverse squared distance method (Lam, 
1983). This method is simpler than ktiging and gives similar results when the radius of interpolation is rela-
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tively small (i.e. < 250 nautical miles) (Beaugrand et al., 2000). Spatia l interpolation performed on the CPR 
data, where the distribution of samples is far from random, has to be realised with extreme caution. In all 
cases, spatial interpolations were carefully checked by (1) plotting directly the samples fo r a fixed level of 
abundance a nd (2) using a simple mean in fixed regular squares of a grid. After interpolation, the matrix 
of 3519 geographical squares x 540 time periods (1 2 months x 45 years) was built. To examine the seasonal 
varia bility of C. typicus, an average of all years was calculated for each month (matrix of 3519 geographical 
squares x 12 months), and to study the year-to-year variability of C. typicus, an average of all months was 
realised (matrix of 3519 geographical squares x 45 years) . Similar matrices were constructed for sea surface 
temperature (SST ) data. 
2.4. Atw~)lsis of tlte seasonal variability in tlte spatial distribution of Centropages typicus 
A spatial ised principal component a nalysis (PCA) was used to examine the seasona l varia bility in the spa-
tial distribution of C. typicus. This analysis was applied on the original ma trix of 3519 geographical squares 
(69 longitudes x 51 la titudes) x 12 months for the period 1958-2002. Eigenvectors and p rincipa l components 
were calcu lated from a correla tion matrix of 3519 x 35 19 geographical squares. Eigenvectors were first calcu-
la ted using the following formula: 
(S- i.tf )ut = 0 
where S being the dispersion matrix (here a correlation matrix), i.k the k eigenvalues, I the unit matrix and Ilk 
the matrix of the k eigenvectors. Then, principal compo nents (also called component scores) P were calculated 
by: 
P = XU 
where U is the matrix of eigenvectors and X the matrix of sta ndardised observa tions. 
This analysis a llows spatial and temporal changes to be taken into account in a single procedure. Maps of 
cigcnvectors show where the main patterns of temporal variability (represented by principa l components) 
occur. Such ana lyses have been conducted in Planque ( 1996) and Beaugrand et a l. (200 I). The origina l matrix 
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was then reassessed using the fint five eigenvectors and principal components in a way similar to Beaugrand 
et al. (2001). 
XP3st9. l2 = P 3st9.s u;2.s 
Xp being the reassessed matrix from the first five principal components p and eigenvectors U. This analysis 
also a llows a clear examination of the seasonal cycle as expressed by the first five axes. Each principal com-
ponent is constra inted to be orthogonal, whilst there is no reason thjs should be the case in the ocean ecosys-
tem. Reassessing the matrix enabled us to confront our interpretation of the seasonal changes inferred from 
the principal components. 
2.5. Analysis of the year-to-year variability in the spatial distribution of Ce11tropages typicus 
A similar spatialised PCA was applied on the original matrix of 3519 geographical pixels x 45 years ( 1958-
2002). The Pearson linear correlation coefficient was used to assess the relationships between long-term 
changes in the principal components and temperature. Probabilities of significance (pAc F) of coefficients of 
correlation were calculated, taking into consideration the temporal autocorrela tion. A Box- Jenkins (Box 
and Jenkins, 1976) autocorrelation function, as modified by Chatfield ( 1996), was used to assess the temporal 
dependence of years. The Chelton ( 1984) formula was applied to adjust the degrees of freedom. 
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2.6. Spatial changes in the phenology of C. typicus 
To investigate spatial changes in the phenology of C. typicus, the slope between each monthly observation 
of the abundance of the species was assessed for each geographical cell. The same analysis was conducted for 
SST data. Then, correlations between monthly changes in the slope of the abundance of the species and SST 
were calculated with no lag and a one-month Jag (lagged temperature) . 
The length of the season was assessed by doing the following calculations: 
I . Calculation of the first and third quartile of the annual abundance (using the 12 months) of C. typicus in 
each geographical cell. 
2. Identification of the months corresponding to the quartiles. Linear interpola tion was performed between 
the two nearest months using the following formula when the difference between the value of the nearest 
month and the value of the first quartile (M;- Q1) was positive: 
A~ - M M;- Qt ''Ql - ;- M;- M;- t 
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When the difference between the value of the nearest month and the first quartile (Mi - Qd was negative, the 
following formula was applied: 
Qt - M; 
MQt = M;+ M i+t - M; 
A similar procedure was used to identify the month M QJ corresponding to the third quartile Q3 . Then, the 
index of the length of the season L was assessed by: 
L=MQJ- MQt 
This index can only work if the distribution is unimodal. This was indeed the case in aU parts of the North 
Atlantic Ocean. The length-of-season index was then compared to the number of months with SST superior 
to I 0- 15 °C, which is generally the temperature range over which C. typicus can rapidly increase in abundance 
(Halsband-Lenk et al. , 2001; Halsband and H.irche, 2001). 
2. 7. Characterisatio11 of thermal window and thermal optimum of C. typicus 
Recently a procedure has been set up by Helaouet and Beaugrand (revised Can the status of this MS be 
updated?) to calculate the thermic environment of a species sampled by the CPR survey. The thermic window 
is assessed in a zone which extends in longitude from 99.5°W to 29.5°E and in latitude from 29.5°E to 69.5°N. 
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d 
Fig. 6. Spatial changes in phenological parameters of C. 1ypicus in rela tion to SST and the Phytoplankton Color Index. [a) First month 
with SST > 12 oc. (b) Month corresponding to the maximum increase in the abundance of C. f.rpicus. (c) Temperature corresponding to the 
month of maximum increase in the abundance of C. typims. (d ) Development time corresponding to the mo nth of maximum increase in the 
abundance of C. 1ypicus. (c) Value of the phytoplankton colour index corresponding to the month of maximum increase in the abundance 
of C. typicus. Geographical squares with an annual abundance of C. 1ypicus < 0.45 [in loguix + I)) were removed from the analysis. 
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Biological data were not interpolated but were regularised by using the physical matrix grid of SST (grid of 
I a x I 0 ). We calculated the arithmetic mean of the abundances of the two Centropages species for each cate-
gory of temperature (every two degrees) and each month of the time series ( 1958- 2002). Then, we calculated 
the maximum value of the various averages of abundance for the whole time series. Thus we obtain the max-
imum average value of abundance for each category of temperature. A similar methodology was applied to 
identify the joint environmental window using SST and the CPR derived index of chlorophyll concentration 
called the phytoplankton colour index. 
The development time (DT) was assessed from SST (1) using the following a llometric relationships (Car-
lotti et a l. , this issue): 
DT = 89.70e-o.o768r 
All methods used in the present study were programmed using the MATLAB language. 
3. Results 
3. 1. Mean spatial distribution of Centropages typicus 
Fig. l a shows the mean spatial distribution of C. typicus from data collected routinely by the CPR survey. 
C. typicus is by far the most abundant copepod species identified by the monitoring programme (Fig. 1 ). Its 
congeneric species C. lzamatus is exclusively found over continenta l shelves although it is more abundant in 
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near-coastal regions (Fig. I b). Other Centropages species are more rarely found in CPR samples (Fig. le) and 
are at the northern limits of their spatial distributions. 
3.2. Spatial changes in the seasonal variability of C. typicus 
A spatialised PCA was used to reveal the main seasonal cycle of C. typicus in the regions of the North 
Atlantic covered by the CPR survey. Two main patterns of variabi lity were detected (Fig. 2). The first 
(63.97cYo of the total variance) was an increase starting dming summer and ending in late autumn, especially 
a Eigenvector 1, 29.5613% of the vanabilrty 
b 19 11.5 
...... 
5 14 ~ 11.0 ~ 0 i~ 9 a 'd 
u u 4 10.5 -s~ 
..... "' ~~ ..,_ A...c 
·u .s 0 0 
-1 10.0 '<..-.. 
.§ '-' ..._, er 
c. 
-6 0 
-
(') ~ 09.5 ..._, 
ti: 
-11 
-16 09.0 
00 N '0 0 <:t 00 N '0 0 <:t 00 N 
"' 
'0 '0 1"- 1"- 1"- 00 00 
"' "' "' 
0 
"' "' "' "' "' "' "' "' "' "' "' 
0 
N 
c 11.5 
C!.l ~ 11 .0 
.... 
.. 
C!.l 10.5 c. ~ 10.0 
C!.l 
r
1
=0.51 
.M 9.5 
3 P"cr<O.Ol 
Cl) 9.0 
"' C!.l 8.5 Cl) 
8.0 
-20 -15 -10 -5 0 5 10 15 20 
First principal component 
Fig. 8. Spatialised PCA applied at a year-to-year scale. (a) First eigenvector. (b) Long-term changes in the first principal component (in 
black) and sea surface tempera ture (in grey). (c) Scallerplot of temperature and the finn principal component. 
G. Beaugrand et al. I Progress in Oceunography 72 (2007) 159- 273 269 
prevalent in regions above 50°N in the northeast Atlantic. The second (14.97% of the total variance), occur-
ring in the western side of the Atlantic south of Nova Scotia, was characterised by a seasonal maximum in 
autumn and an abundance higher in winter than in the northeastern part of the Atlantic. The original matrix 
was reassessed using the firs t five eigenvectors and principal components to remove the unexplained variance 
(Fig. 3). The increase in abundance of C. typicus starts in May (?) in the south-west European basin, then 
spreads northwards along the European shelf-edge in June to August. In the meantime, the abundance of 
C. typicus spreads from neritic regions to oceanic regions. The increase in abundance starts in the North 
Sea in June but the seasonal maximum is found in August-September. On the western side of the Atlantic, 
the increase starts in August and the maximum is detected in October. This pattem is similar to the one 
observed in the North Sea, but the abundance remains high in ea rly winter. 
Temperature has an effect on the seasonal variability of C. typicus (Fig. 4). In the southern part of the stud-
ied area, a positive correlation between the abundance of this species and temperature is detected with and 
without a lag (Fig. 4), while to the north and in the western side of the Atlantic, a positive correlation is 
detected with a lag of one month (i.e. a change in temperature from one month to a nother is followed by a 
similar change in abundance the month after). 
At first sight, this delay of one month could be explained by the time needed for this species to complete its 
life cycle, that is, about one month latter in the north (and in the western side of the Atlantic) than in the south 
(Fig. 5). Fig. 6 indeed indicates that there is a rela tionship between the fi rst months with an SST > 12 °C 
(Fig. 6a) and the month characterised by the strongest increase in the a bundance of C. typicus. However, a 
close examination indicates that the delay of about one month between the south and the north is not related 
to the influence of temperature on development time. Temperature is warmer in the North Sea (and western 
side of the Atla ntic) than in the south-west European basin at a time when there is the strongest increase in the 
abundance of C. typicus (Fig. 6c). Temperature is the lowest in the Celtic Sea where the annual abundance of 
this species is maximum. Therefore, development time based on temperature alone is quicker in the North Sea 
at the time the increase in abundance is maximum. This is apparen tly an unexpected result. When the phyto-
plankton colour (used here as an index of quantity of food) is plotted for months characterised by a substan-
tia l increase in abundance, it can be shown that food is generally high. Tlus is especially true in the south-west 
European basin (including the Celtic Sea). So there is a n advantage for this species to sta rt the season at colder 
temperature. The quantity of food seems to be less important in the North Sea, but the amount of phytoplank-
ton is elevated there in comparison to the so uth-west European basin. 
The seasonal extent of C. typicus is also related positively to the number of months with SST > 13 oc 
(Fig. 7). The Pearson correlation coefficient is sign ifican t (rp = 0.44; p < 0.01 ). However, no correction was 
applied to take spatial autocorrelation into account. The relationship expla ins a weak proportion of variance 
(r2 = 19%), so that other factors may also play a role such as the abundance or the q uality of phytoplankton. 
Long-term changes in the spatial distribution of C. typicus were investigated by spatialised PCA (Fig. 8). 
Only seas around the United Kingdom had enough data to enable the application of this numerica l technique. 
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Fig. 10. (a) Environmental profile of C. 1ypims as a function of temperature and the CPR phytoplankton colour index. (b) Geographical 
squares wi th expected abundance of C. 1ypims superior to 1.2 (decimal logarithm). (c) Geographical squares with expected abundance of 
C l)'picus > 1.2 (decimal logari thm). (d) Percentage of match between prediction and observation for each month. 
The first eigenvector (29.56% o f the tota l va ria nce) shows high positive values mainly in the North Sea. The 
associated principal component shows a decrease until the end of the I 970s, and then an increase with clear 
indication of pseudo-cyclical variability (Fig. 8b). A highly significant rela tionship was found with sea surface 
temperature. About 50% of the variance in the first principal component was explained by SST (Fig. 8b and c). 
The thermal environmenta l window was cha racterised for C. typicus (Fig. 9). The analysis reveals a temper-
ature optimum of about 17 °C. 
4. Discussion and conclusions 
We have characaterized the macroecology of the species C. typicus in the North Atlantic Ocean as revealed 
by CPR sampling. T his species occurs mainly over continenta l shelves and slopes, although it can also be 
detected in oceanic regions near continental slopes. T he occurrence of this species in oceanic regions proba bly 
results from seasonal expatria tion of individuals from populatio ns living over the shelf-edge. Therefore, the 
spa tial distribution of the species, as proposed by Rose ( 1933) and recently highlighted in Halsband-Lenk 
et a l. (2002) (see their Fig. I), can be refined for the northern part of the North Atlantic. Four main regions 
in the sector covered by the CPR survey can be distinguished on the basis of their seasonal variability (see 
Fig. 2 and 3). The southwest European basin : (I ) is the region where the seasonal cycle of C. typicus is the 
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earliest (late winter-early spring). Then, the increase in abundance spreads to the Celtic Sea (2) at a time when 
the level of phytoplankton is high (see Fig. 7). In the North Sea (3), C. typicus is detected for aU months of the 
year but has a seasonal maximum in late summer and early autumn. A similar result was found by Halsband 
and Hirche (2001) who investigated the seasonal variability of this species at Helgoland (southern North Sea). 
They identify the seasonal maximum in September-October. In the western side of the Atlantic south of Nova 
Scotia and Newfoundland (4), the seasonal maximum in the abundance of the species starts in autumn and 
remains high in early winter. In addition to this seasonal south to north movement, an inshore-offshore gra-
dient from coast to offshore regions is also observed. 
This study has revealed the impact of temperature on the seasonal variability of the species. A clear positive 
relationship between temperature and change in the abundance of C. typicus has been detected at both sea-
sonal (Figs. 4 and 6) and year-to-year scales (Fig. 8). This has already been demonstrated at a large scale 
by Lindley and Reid (2002). Using CPR data in the North Sea, they identified a clear positive relationship 
between annual abundance of C. typicus and temperature. At a smaller scale, some studies also identified a 
close link between the reproduction cycle of the species and temperature (Halsband-Lenk et al., 2001, 
2002). Parameters such as the total mortality of adult females after five days incubation, egg production rates, 
egg diameters and embryonic development time were all influenced by temperature (Halsband-Lenk et al., 
2001, 2002). However, the present study also shows that temperature alone cannot explain all characteristics 
of the seasonal cycles of the species. The amount of food, investigated here by using the CPR phytoplankton 
colour index as a proxy for the quantity and quality of phytoplankton, also seems important. Bonnet and Car-
lotti (2001) have shown the influence of food on the reproduction cycle of the species. In the southwest Euro-
pean basin, the seasonal increase in abundance starts at a time when temperature is lower than in the North 
Sea. However, phytoplankton level is at its seasonal maximum (see Fig. 6). Phytoplankton level is less a lim-
iting factor in the North Sea, and the increase in abundance occurs at a time when the level of phytoplankton 
is high but not the highest of the season (see Fig. 6). The strong increase in abundance occurs in late summer in 
the North Sea. SST is high at that time, which ensures rapid development. However, it is intriguing is that the 
seasonal maximum in C. typicus occurs so late in the North Sea. lf temperature alone is considered, a seasonal 
maximum in summer should be expected. The first hypothesis to explain the delay is related to interspecific 
competition of C. typicus with its congeneric species C. lwmallls. The Jailer species has a seasonal maximum 
in summer and could limit the development of C. typiCIIs. An alternative hypothesis can also be proposed. The 
spatial distribution of the species suggests that it occurs when and where food is abundant (coastal region, 
shelf-edge, early in spring in the southwest European basin). So this study and others in the literature (e.g. 
Bonnet and Carlolli, 200 I) suggest that in addition to temperature, food is an important parameter. If we cal-
culate the abundance of the species as a function of temperature and food, there is a clear environmental opti-
mum. When we plot the geographical squares in which the abundance of C. typicus is expected to be above 1.2 
(in decimal logarithm) from the knowledge of both temperature and phytoplankton colour index (Fig. IOc), 
the prediction fits well with what is observed (Fig. I Oc and d). The overall match between the prediction and 
the observation is 82.41%. Therefore, the analysis suggests that both temperature and food are important sea-
sonal characteristics for C. typicus in the North Atlantic Ocean. 
Examination of the long-term changes in the abundance of C. typicus has revealed a strong relationship 
with temperature. However, the link may be direct but also indirect through the food web. Indeed, the 
long-term trends are also consistent with food supply being an important factor in the abundance of C. typ-
icus. The downward trend in abundance until the end of the 1970s was part of a general pattern across trophic 
levels (Aebischer et al., 1990), as was the reversal of that trend, first noted by Colebrook (1984). The signif-
icance of food was emphasised by Lindley and Reid (2002) who proposed that a significant deviation in the 
early 1980s from the relationship between abundance and temperature was due to low phytoplankton levels in 
winter. At that time of year food is most likely to be a limiting factor for the pelagic population of C. typicu.1· 
that can survive only for a few days without food (e.g. Dagg, 1977). Dormant eggs in sediments provide a 
potential buffer to short-term fluctuation in conditions. However in contrast with C. hamatus, which is known 
to produce diapausing eggs (Marcus, 1989; Marcus and Lutz, 1998), C. typicus has not been shown to do so, 
and only comparatively small number ofnauplii of the latter have been hatched from sediments (Lindley et al., 
1990; Lindley and Reid, 2002). The otherwise high correlation between interannual variations in abundance 
and temperature in the areas analysed here can be understood by the closeness of the maximum temperatures 
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in these areas to the optimum levels required by C. typicus (see Fig. 9). These results show that C. typicus does 
not answer only to temperature increase in the region but also to changes in phytoplankton abundance, com-
position and timing of occurrence. Methods such as the simple decision tree used in Fig. I 0 can help to fore-
cast expected changes in the distribution of this species with hydro-climatic forcing. 
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ABSTRACT: Global climate change is expecled to modify the spatial distribution of marine organ-
isms. However, projections of future changes should be based on robust information on the ecologi-
cal niche of species. This paper presents a macroecological study of the environmental tolerance and 
ecological niche (sensu Hutchinson 1957, i.e. the field of tolerance of a species to the principal factors 
of its environment) of Ca/anus finmarchicus and C. he/go/andicus in the North Atlantic Ocean and 
adjacent seas. Biological data were collected by the Continuous Plankton Recorder (CPR) Survey, 
which samples plankton in the North Atlantic and adjacent seas at a standard depth of 7 m. Eleven 
parameters were chosen including bathymetry, temperature, salinity, nutrients, mixed-layer depth 
and an index of turbulence compiled from wind data and chlorophyll a concentrations (used herein 
as an index of available food). The environmental window and the optimum level were determined 
for both species and for each abiotic factor and chlorophyll concentration. The most important para-
meters that influenced abundance and spatial distribution were temperature and its correlates such 
as oxygen and nutrients. Bathymetry and other water-column-related parameters also played an 
important role. The ecological niche of C. finmarchicus was larger than that of C. helgolandicus and 
both niches were significantly separated. Our results have important implications in the context of 
global climate change. As temperature (and to some extent stratification) is predicted to continue to 
rise in the North Atlantic sector, changes in the spatial distribution of these 2 Ca/anus species can be 
expected. Application of this approach to the 1980s North Sea regime shift provides evidence that 
changes in sea temperature alone could have triggered the substantial and rapid changes identified 
in the dynamic regimes of these ecosystems. C. finmarchicus appears to be a good indicator of the 
Atlantic Polar Biome (mainly the Atlantic Subarctic and Arctic provinces) while C. helgolandicus is 
an indicator of more temperate waters (Atlantic Westerly Winds Biome) in regions characterised by 
more pronounced spatial changes in bathymetry. 
KEY WORDS: Macroecological approach · Hutchinson ecological niche · Biogeography · Ca/anus 
finmarchicus · Calanus helgolandicus · North Atlantic Ocean · Continuous Plankton Recorder 
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INTRODUCTION 
Understanding the consequences of variability in cli-
mate on pelagic ecosystems requires a clear identifica-
tion of the factors driving variability in the abundance 
of each species and the parameters or processes that 
control their geographical distribution. Biogeographi-
cal studies are essential and provide a baseline for 
"Email: pierrehelaouet@hotmail.com 
evaluation of the impact of climate on ecosystems 
(Longhurst 1998, Beaugrand 2003). 
The high nutrient supply in the temperate and sub-
polar part of the North Atlantic Ocean results in high 
planktonic production (Ducklow & Harris 1993, Long-
burst 1998). This region is influenced by the North 
Atlantic Current which transfers energy and heat from 
the SW oceanic region of Newfoundland to the NE 
©Inter-Research 2007 · www.int-res.com 
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part of the North Atlantic Ocean (Krauss 1986). This 
current also has a profound impact on plankton diver-
sity (Beaugrand et al. 2001). The North Atlantic Ocean 
is divided into 3 biomes: the Atlantic Polar Biome, 
the Atlantic Westerly Winds Biome and the Atlantic 
Coastal Biome, each divided into a number of pro-
vinces (present Fig. 1; Longhurst 1998). Their ecological 
characteristics have been recently reviewed by Long-
burst (1998) and some complementary descriptions 
have been added by Beaugrand et al. (2001, 2002) for 
the northern part of the North Atlantic Ocean and its 
adjacent seas. 
Copepods constitute a key trophic group, with a cen-
tral role in the trophodynamics of pelagic ecosystems. 
These plankton organisms transfer energy from the 
phytoplankton to higher trophic levels (Mauchline 
1998) and are often important in the diet of at least 1 
developmental stage of economically important fish 
species such as cod, herring or mackerel (Sundby 
2000, Orlova et al. 2005, Skreslet et al. 2005). Cope-
pods represent a high proportion of the carbon bio-
mass in the mesozooplankton, generally increasing 
with increasing latitude (e.g . 33 % for the Atlantic 
Trade Wind Biome, 53 % for the Atlantic Westerly 
Winds Biome and 69 % for the Arctic Ocean, Longhurst 
1998). Members of the genus Calanus are amongst the 
largest copepods and can comprise as much as 90 % of 
the dry weight of the mesozooplankton in regions 
such as the North Sea and the Celtic Sea (Bonnet e t al. 
2005 and references therein). The congeneric calanoid 
copepod species C. finmarchicus and C. helgolandicus 
Fig. 1. Main area (light grey) sampled by the Continuous 
Plankton Recorder survey from 1960 to 2002, and provinces 
(Longhurst 1998). Atlantic Polar Biome- SARC: Atlantic sub-
arctic province; ARCT: Atlantic arctic province. Atlantic West-
erly Winds Biome- NADR: North Atlantic Drift province; 
NAST: North Atlantic subtropical gyral province (W and E: 
western and eastern parts, respectively}; GFST: Gulf Stream 
province. Atlantic Coastal Biome-NECS: Northeast Atlantic 
shelves province; NWCS: Northwest Atlantic shelves province . 
Thick dotted line: Oceanic Polar Front 
have been well studied (e.g. Planque & Fromentin 
1996, Bonnet et al. 2005). They are morphologically so 
similar that they were not distinguished until 1958, 
in the Continuous Plankton Recorder (CPR) survey 
(Planque & Fromentin 1996). However, their spatial 
distribution differs significantly (Beaugrand 2004a). C. 
finmarchicus is mainly located in the Atlantic Polar 
Biome north of the Oceanic Polar Front (Dietrich 1964, 
Beaugrand 2004a; present Fig. 1) while the pseudo-
oceanic species C. helgolandicus occurs in more tem-
perate waters south of the Oceanic Polar Front, mostly 
located above the European shelf-edge in the Atlantic 
between 40 and 60° N (Beaugrand 2004a, Bonnet et al. 
2005). In regions where they occur together (e.g. the 
North Sea), the 2 species generally have different sea-
sonal timing (Beaugrand 2003). Some studies have also 
reported different depth of occurrence at the same 
location (Bonnet et al. 2005 and references therein). 
Differences in the spatial and/or temporal patterns of 
variability in both species of Calanus suggest differen-
tial responses to environmental variability. It is there-
fore important to identify their environmental prefer-
ence (window or tolerance interval) and their optimum 
environmental leve l. When the preference of more 
than 1 factor has been determined, the ecological 
niche (sensu Hutchinson 1957) can be calculated (i.e. 
the field of tolerance of a species to the principal fac-
tors characteristic of its environment). The niche can 
be represented in Euclidean space with as many 
dimensions as factors considered. When a few num-
bers of parameters are used, the niche of 2 species may 
overlap. Increasing the number of factors reduces the 
relative importance of such overlap and often enables 
complete niche separation (Gause's competitive ex-
clusion hypothesis: Gause 1934). Abiotic parameters 
are related to both geographic (e.g. topography) and 
water-column (e.g . nutrient concentration) factors 
which influence directly the physiology (e.g . growth, 
development and mortality rates, Carlotti et al. 1993) 
or reproduction (Hall & Burns 2002, Halsband-Lenk et 
al. 2002) of a species. This study investigated abiotic 
environment and chlorophyll a concentration (as an 
index of available food), for which the Hutchinson eco-
logical niche is a more suitable tool, often preferred in 
this type of work (e .g. Pulliam 2000, Guisan & Wilfried 
2005). 
Despite the large number of studies on the biology 
and ecology of both Calanus finmarchicus and C. helgo-
Jandicus (e.g. Carlotti e t al. 1993, Hirst & Batten 1998, 
Heath et al. 1999, Bonnet e t al. 2005), many gaps in our 
knowledge remain. Herein we employ a macroecolog-
ical approach using large data sets of 11 abiotic para-
meters and data from the CPR survey to (1) determine 
the environmental optimum level of both species for 
each environmental parameter, (2) quantify the influ-
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ence of each parameter on both species, (3} identify 
and (4} calculate the breadth of their ecological niches. 
The temporal stability of the temperature profiles of 
both species is also investigated. A baseline is pro-
vided for use in forecasting modifications in the abun-
dance and spatial distributions of the 2 species that can 
be expected with global climate change. 
MATERIALS AND METHODS 
Biological data. Data on the abundance of Calanus 
finmarchicus and C. helgolandicus were provided by 
the CPR survey, a large-scale plankton monitoring pro-
gramme initiated by Sir Alister Hardy in 1931. The 
CPR is a robust instrument designed for use by seamen 
on commercial ships. Management and maintenance 
of the survey have been carried out by the English lab-
oratory (Sir Alister Hardy Foundation for Ocean Sci-
ence [SAHFOS)l since 1990. CPR instruments are 
towed at a depth of 7 m (Reid et al. 2003a} and the sur-
vey has monitored plankton ecosystems at this depth 
only (Batten et al. 2003}. Therefore, it might be danger-
ous to infer Hutchinson's ecological niche from a single 
depth. However, calanoid copepods migrate vertically 
(Daro 1985} and because CPR sampling is carried out 
both day and night, it is unlikely that this process 
greatly influenced the measurement of the Hutchinson 
ecological niche in this study. 
Water enters the CPR through an inlet aperture of 
1.61 cm2 and passes through a 270 pm silk-covered 
filtering mesh (Batten et al. 2003}. Individuals >2 mm, 
such as Copepodite Stages CV and CVI of Ca/anus fill-
marchicus and C. helgola11dicus are then removed 
from the filter and covering silk. Generally, all individ-
uals are counted, but for particularly dense samples a 
sub sample is taken (Batten et al. 2003}. The data used 
in this study correspond to Copepodite Stages CV and 
CVI. Studies have shown that near surface sampling 
provides a satisfactory representation of the epipelagic 
zone (Batten et al. 2003}. This programme has accumu-
late one of the greatest databases on marine plankton 
worldwide. Currently, about 200 000 samples have 
been analysed, providing information on the presence 
and/or abundance of more than 400 plankton species 
every month since 1946 in both the temperate and sub-
polar region of the North Atlantic Ocean. 
Environmental data. We investigated the area from 
Longitude 99.5" W to 19.5" E and Latitude 29.5° to 
69.5° N. Eleven parameters were chosen (Table 1). Sea 
surface temperature (SST) was essential as it has a 
well-documented effect on plankton (e.g. Reid & 
Edwards 2001}. Wind-induced water turbulence was 
used as an indicator because it has been shown that 
wind, by its impact on water-column stability, affects 
plankton populations (Heath et al. 1999}. The index of 
turbulence and SST was aquired from the Comprehen-
sive Ocean-Atmosphere Data Set (COADS} and was 
downloaded from the interne! site of the National 
Oceanographic Data Center (NODC} (Woodruff et al. 
1987}, which manages acquisition, controls quality and 
safeguards the data. 
Salinity also constitutes an important limiting factor 
for many species. Data on this parameter, and on sili-
cates, phosphates, nitrates and dissolved oxygen were 
down loaded from the World Ocean Atlas 2001 (WOA1} 
database for a depth of 10 m. 
Bathymetry was selected because it has been sug-
gested that this parameter influences the distribution 
of some copepod species (Beaugrand et al. 2001}. 
Bathymetry data originate from the database 'General 
Bathymetric Chart of the Oceans' (GEBCO}. Spatial 
variability in bathymetry was assessed over the study 
area. First, the mean and SD of bathymetry data were 
calculated in a geographical cell of 1° latitude and I 0 
longitude, (225 data per geographical cell}. Then, the 
coefficient of variation of bathymetry (CV Rl was calcu-
lated as: 
CV8 =~ 
ms 
(1) 
where m 8 is the average and 5 8 the SD for bathymetry 
in each geographical cell. There was generally high 
variability in bathymetry over the continental slope 
regions. 
Chlorophyll is a potentially influential parameter 
because the 2 selected species are mainly herbivorous 
(Mauchline 1998). However as Kleppel (1993} showed 
and Mauchline (1998) stressed, the dietary require-
ments of copepods change from the first nauplii stage 
to the adult stage and are likely to vary at both die! 
and seasonal scales. Furthermore, it is likely that 
both Ca/anus species also feed on microzooplankton 
(Mauchline 1998}. Therefore, chlorophyll content 
should only be considered as an index of food avail-
ability. Chlorophyll values originated from the pro-
gramme 'Sea-viewing Wide Field-of-view Sensor' 
(SeaWIFS} from the National Aeronautics and Space 
Administration (NASA}. 
The mixed-layer depth (MLD} is another indicator 
of water column stability. In contrast to the index of 
turbulence, this parameter is obtained from vertical 
profiles of temperature and salinity. MLD data come 
from a compilation of about 4.5 million profiles gath-
ered by the NODC and World Ocean Circulation 
Experiment (WOCE). These profiles are the result of 
the analysis of data from 1941 to 2002 and originate 
from various measuring instruments such as the 
conductivity-temperature-depth (CTD) monitor, mech-
anical bathythermograph (MBT} or expendable bathy-
thermograph (XBT). 
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Table I. Origin and characteristics o! environmental data used in this study. 
Data Units Spatial resolution 
Biotic Individual (no grid) 
number 
Sea surface ·c 260.5" to 29.5" E 
temperature 69.5" to 30.5" N 
(each I") 
Wind-induced mJ s-J 260.5" to 29.5" E 
turbulence index 69.5" to 30.5" N 
(each I") 
Salinity 99.5" W to 19.5" E 
89.5" to 10.5" N 
(each 1") 
Silicate IJIDOI r' 99.5"W to 19.5"E 
89.5" to 10.5" N 
(each I") 
Phosphate IJIDOI 1- 1 99.5"W to 19.5" E 
89.5" N to 1 0.5" N 
(each 1 ") 
Nitrate IJIDOII- 1 99.5"W to 19.5"E 
89.5" to 10.5" N 
(each I") 
Dissolved oxygen mll- 1 99.5"Wto 19.5"E 
89.5" to 10.5" N 
(each I") 
Bathymetry m 80" W to 20" E 
90" to 10" N 
each 0.4" 
Spatial variability m 99.5" W to 19.5" E 
in the bathymetry 69.5" to 29.5" N 
(each 1") 
ChlorophyU a mg m-3 100"W to 30"E 
70" to 40" N 
each 0.5" 
Mixed-layer depth m 179.5"W to 179.5"E 
89.5" N to 89.5" S 
(each I") 
Pre-processing oi data_ The first stage of the analy-
sis consisted of homogenising both environmental and 
biological variables. All original data tables were 
converted inlo 3 types of matrix: (1) matrices (2.48 
million data points) with data for each month and 
year for the period 1960 to 2002 (temperalure, wind 
stress); (2) matrices (57 600 data points) with data for 
each month (nutrients, oxygen, chlorophyll, MLD) 
based on the average of time periods ranging from 5 to 
43 yr; (3) matrices (4800 data points) with no infor-
mation on time (bathymetry and its spatial variability). 
The 3 types of environmental grids were used to re-
gularise biological data, and no spatial interpolation 
was made. An arithmetic mean was calculated when 
the number of data for a given location and time period 
was> 1. 
Type N (x 106) Source 
Each month 0.2 per Sir Alister Hardy Poundation 
!or 1946-2002 species !or Ocean Science 
Monthly mean 33.5 National Oceanographic 
1960-2002 Data Center (COADS) 
Monthly mean 33.5 National Oceanographic 
1960-2002 Data Center (COADS) 
Monthly mean 2.8 World Ocean Atlas (2001) 
(climatology) 
Monthly mean 2.8 World Ocean Atlas (2001) 
(climatology) 
Monthly mean 2.8 World Ocean Atlas (2001) 
(climatology) 
Monthly mean 2.8 World Ocean Atlas (2001) 
(climatology) 
Monthly mean 2.8 World Ocean Atlas (2001) 
(climatology) 
Monthly mean 27.4 General Bathymetric Chart 
(climatology) o! the Oceans 
Monthly mean 0.058 General Bathymetric Chart 
(climatology) of the Oceans 
Monthly mean 18.8 Sea-viewing Wide Pield-ol-
1997-2002 view Sensor (SeaWIPS) 
Monthly mean 0.8 World Ocean Circulation 
1941-2002 Experiment 
Statistical analyses_ Fig. 2 summarises the different 
statistical analyses performed in this study. 
Analysis 1-Characterisation of environmental 
optima at seasonal scale: The optim urn of each species 
was identified for each environmental variable (a total 
of 22 environmental profiles: 2 species x 11 environ-
mental parameters). A prolile was a contour diagram of 
a matrix of 12 mo x n environmental categories. To 
determine the number of environmental categories, 
the minimum and maximum values were first calcu-
lated. Then, intervals were chosen by trial and error as 
a compromise between the resolution of the profile and 
the increasing number of missing data with increasing 
resolution. The profile matrix was assessed by aver-
aging abundance data for each month and environ-
mental category. Abundance data were log-trans-
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Environmental Biological 
data table data table 
1 j2 j···j Nj· .. j1 1 
: : : I I 
Sp 1! Sp 2 
Analysis 1. Characterisation of the environmental 
optimum for both Ca/anus species at a seasonal 
scale 
Months Optimum 
1 Sp 1j Sp 2 
2 i 
... i 12 i 
Analysts 2. Quantification of the importance of 
each environmental parameter by PCA at a 
seasonal scale 
Normalized Principal Biological 
eigenvectors components data 
1st ! 2nd! 3rd 1st i 2nd! 3rd Sp 11 Sp 2 
: : 
! ! 
! ! 
I j ! 
!Analysis 3. Identification of the ecological niche I 
1of both Ca/anus species at a seasonal scale 1 
Ecological niche 
Sp 1 Sp 2 
t 
Analysis 4. Quantification of the breadth of the 
ecological niche and comparison for each species 
at a seasonal scale 
Analysis 5. Thermal profile of both Ca/anus 
species as a function of the state of the North 
Atlantic Oscillation 
Analysis 6. Thermal profile of both Calanus 
species as a function of CPR data for daylight 
and dark periods 
Fig . 2. Calanus finmarchicus and C. helgolandicus. Summary 
of statistical analyses performed in this study. PCA: principal 
component analysis; CPR: Continuous Plankton Recorder 
formed (log 101x+ 11) to limit the effect of extreme 
values. 
Analysis 2-Quantification of importance of each 
environmental parameter at seasonal scale: A princi-
pal components analysis (PCA) was used to quantify 
the influence of each abiotic factor and chlorophyll 
concentration (used herein as an index of available 
food) on spatial and seasonal changes in Calanus spp. 
abundance at the scale of the North Atlantic Ocean 
(Fig. 2) . An algorithm that took into consideration miss-
ing data was used to calculate the eigenvectors (Bou-
vier 1977). This method of ordination made possible 
a summary of multivariate information in a reduced 
number of dimensions, i.e. the principal components 
(Jolliffe 1986). The normalised eigenvectors allowed 
identification of the variables contributing most to the 
principal components. The PCA was calculated from 
(120 longitudes x 40 latitudes x 12 mo) x 11 environ-
mental variables. The spatial grid had a resolution of 1 o 
longitude and 1 o latitude. This table was centred and 
reduced prior to application of the analysis to remove 
any effect of scale between environmenta l variables. 
Analysis 3- Identification of ecological nich e at 
seasonal scale: To identify the ecological niche of both 
species, we used the first 3 principal components. The 
concept of ecological niche used in this study is that of 
Hutchinson (1957) which states that U1e niche is ilie 
field of tolerance of a species to the principal facto rs of 
its environment. The concept has been refined here by 
the recent improvements discussed by Frontier et al. 
(2004). ln particular, our analysis takes into account that 
some factors are not independent but covary either pos-
itively or negatively. The use of principal components 
decreases the effect of multicollinearity in ilie data (Le-
gendre & Legendre 1998). We repeated the procedure 
used in Analysis 1 to map the ecological niche of both 
Calanus species as a function of principal components 
(linear combination of environmental factors). 
Analysi s 4- Quantification and comparison of 
Hutchinson's niches: Quantification and comparison of 
Hutchinson's niche for both Calanus species were per-
formed for 4 different categories of abundance. The 
first category was based on a ll presence data: U1e value 
of the 11 environmental variables was retained when 
an individual (C. finmarchicus or C. helgolandicus) was 
recorded in a geographical cell within the e nvironmen-
tal grid of 1 x 1 o (Longitude 99.SO W to 19.5° E, Latitude 
29.5° N to 69.5° N); a total of 24 subsets was dete rmined 
(12 mo x 2 species) . A similar procedure was applied to 
the other 3 categories. The second category comprised 
Calanus spp. data greater than the first quartile , the 
U1ird category Calanus spp. data greater than the me -
dian and ilie fourtl1 category data for Calanus spp. 
greater than the third quartile. The breadth of the niche 
thereby decreased from Category 1 lo Category 4. The 
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quartiles and median were assessed from 
the biological data table in Fig. 2. There-
fore, the quanWication and comparison of 
Hutchinson's niche for the 2 species used 
96 (24 x 4) subse ts. 
To assess and compare Hutchjnson's 
ruche for the 2 Calanus species, we used a 
numerical analysis based on 'multiple 
response permutation procedures' (MRPP) 
and rece ntly applied to determine the 
ecological ruche by G. Beaugrand & P. 
Helaouel (unpubl. data) . The method 
quantifies the breadth of the ruche of the 2 
species and tests if their niches are statis-
tically different. First, quantification of the 
ruche was made by calculating the mean 
Euclidean distance for each s ubset based 
on the 11 environmental parameters. The 
higher the mean Euclidean value, the 
greater Hutchinson's ruche. Second, for a 
given month and category, a weighted 
mean of the Euclidean distance of both 
species niche was calculated. Then, the 
weighted mstance was teste d by permuta-
tions of original subset. A value of 10 000 
pe rmutations was selected. For each sim-
ulation, the weighted distance was re-
calculated and the probability that the 
separation of the niches of C. finmarchi-
cus and C. h elgolandicus wouold be sig-
nificant was represented by the number of 
times the recalculated weighted distance 
was inferior to that observed. 
Analysis 5- Calanus thermal profiles 
as a function of state of North AUantic 
Oscillation (NAO) and 1987 regime shift: 
One important issue was to determine 
Cl> 
'0 
::I 
~ 
... 
(1) 
__J 
a 
65 
60 
55 
50 
45 
40 
35 
- 70 -60 
b 
-70 
-60 
Calanus finmarchicus 
- 50 -40 -20 
Ca/anus helgolandicus 
-50 -40 -30 -20 
Longitude 
- 10 0 10 
2.50 
2.25 
2.00 
1.75 Cl> u 
c 
(1) 
1.50 -g 
::I 
1.25 ~ 
,.... 
1.00 ~ 
0 
0.75 g; 
__J 
0.50 
0.25 
0 .00 
1.4 
1.2 
Cl> 
1.0 u c 
(1) 
'0 
c 
0.8 ::I 
.D 
(1) 
-
,.... 
0.6 ! 
0 
0> 
0.4 0 __J 
0.2 
0.0 
whether Hutchinson's ruche was constant 
at a decadal scale and whether it was in-
fluenced by climate variabiljty during the 
Fig . 3 . (a) Calanus finmarchicus and (b) C. helgolandicus. Spatial distribution 
in North Atlantic Ocean. No interpolation made 
period of investigation (1958 to 2002). In the latter case, 
the species should be able to acclimatise quickly to cli-
mate change. To test this, we calculated the thermal 
profile of both species for negative NAO (NAO index 
<- 1), medium NAO (- 1 s NAO index S 1) and positive 
NAO (NAO index > 1). Thermal profiles were calcu-
lated according to a procedure ide ntical to Analysis 1. 
To examine the potential impact of the regime shift in 
the North Sea (Beaugrand 2004 b), thermal profiles 
were a lso assessed for years prior to and afte r 1987 . 
Analysis 6 - Calanus thermal profiles as a function 
of CPR data for daylight and dark periods. Changes in 
the depth distribution of Calanus spp. through time 
could bias our assessment of Hutchinson's ruche , as the 
CPR survey samples at a standard depth of about 7 m. 
To evaluate if this process could have significantly 
affected ours results, we assessed the thermal profile 
(Analysis 1) of both species for CPR samples collected 
during daylight (CPR samples collected between 10:00 
and 16:00 h) and dark (CPR samples collected between 
22:00 and 04:00 h) (Beaugrand e t al. 2001; their Fig. 1). 
RESULTS 
Spatial distribution of biological and environmental 
data 
Fig. 3 shows the mean spatial distribution of Calanus 
finmarchicus and C. h elgolanclicus for the period 1958 
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and west of Norway (Fig. 3a). Fig. 3a 
suggests that this species is an indicator 
of the Atlantic Polar Biome and espe-
cially the Atlantic Arctic Province and 
the Atlantic Subarclic Province as de-
fined by Longhurst (1998). The spatial 
ctistribution of C. helgolandicus differed 
(Fig. 3b), being mainly centred along the 
shelf-edge in temperate regions. Fig. 4 
presents the mean values of the environ-
mental parameters in the North Atlantic 
Ocean. Temperature is an important 
driving mechanism for C. finmarchicus, 
while it probably has a more limited role 
for C. helgolandicus (Fig. 4j). 
Environmental profiles 
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Monthly thermal profile 
Fig. 5 shows the thermal profile of 
Calanus finmarchicus (Fig . 5a) and of C. 
helgolandicus (Fig. 5b) for each month. 
C. finmaichicus had its maximal abun-
dance be tween April and September at 
te mperatures ranging from 6 to 10°C. 
C. helgolandicus had a tolerance range 
between 11 and l6°C, especially in 
spring (Fig. 5b). A remarkable feature 
was that the optimum varied seasonally-
for both species. Each species had a clear 
distinct thermal optimum. The tolerance 
interval for C. finmarchicus was greater 
than that of its congener. Fig. 5c shows 
the mean abundance of C. finmarchicus 
and C. helgolandicus as a function of 
te mperature. The complementarity in 
the ctis tribution of the 2 species is sig-
nificant. The results show that a temper-
ature change in a region with an annual 
thermal regime of about l0°C could trig-
ger a shift from a system dominated by 
C. finmarchicus to a system dominated 
by C. helgolandicus. 
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Fig . 4. Spatial distribution of (a) mean sea surface temperature (SST), (b) salin-
ity, (c) nitrate, (d) phosphate, (e) dissolved oxygen, (f) turbule nce, (g) chloro-
phyll a, (h) mixed-layer d epth, (i) silicate, (j) bathymetry. Location of the 
Other profiles 
Oceanic Polar Front is superimposed on (a) (thick dotted line) Fig. 6 presents further environme ntal 
to 2002. The spatial distribution of C. finmarchicus 
(Fig. 3a) was located north of the Oceanic Polar Front 
(Dietrich 1964) with 2 main centres of distribution 
south of the Labrador Sea and in oceanic regions south 
profiles. SaHnity profiles separated the 2 
Calanus species well (Fig. 6a) . C. finmBichicus had its 
maximal abundance at salinities between 33.8 and 35 
in the spring and summer months. The salinity opti-
mum was higher for C. helgolandicus (35 to 35.5). Dis-
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high abundance of C. helgolandicus 
was located in a more restricted tol-
erance range and time interval. 
Other nutrient profiles (nitrate and 
silicate; not shown) showed that 
C. finmarchicus occured in waters 
containing more nutrients than 
its congener. C. finmarchicus was 
located in waters with a higher 
index of turbulence than C. helgo-
Jandicus (data not shown) . Similar 
results were found for the mixed-
layer depth (data not shown) . 
Calanus finmarchicus was mainly 
abundant a t depths ranging from 
269 lo 3513 m, but can be found in 
regions of low bathymetry (Fig. 7a). 
The species was primarily found in 
regions with low to medium spatial 
variability in bathymetry. C. helgo-
Jandicus was more often found in 
regions characterised by a bathy-
metry between 82 and 1216 m, 
despite the fact that a second mode 
was detected at depths >4000 m 
(Fig. 7b) . This last mode was proba-
bly related to expatriate individuals 
in the region near the Bay of Biscay 
(see Fig. 3b). The species was iden-
tified in regions characterised by a 
higher spatial variability in bathy-
me try, reinforcing its classification 
as pseudo-oceanic (i.e. occurring in 
both neritic and oceanic regions 
but is mainly abundant above the 
shelf-edge). 
-1 0 1 2 3 4 56 7 8 9101112131415161718192021 22 Quantification of factors 
influencing spatial distribution 
SST (0 C} 
Fig. 5. Calanus finmarchicus and C. helgolandicus. (a, b) Contour ctiagram of abun-
dance (decimal logarithm) as a function of SST and month of year, and (c) 
histogram showing percent relative average abundance as a function of SST A PCA was calculated for each 
variable from 4800 12-mo geo-
solved oxygen content also distinguished the 2 species 
(Fig. 6b). Abundance of C. finmarchicus was maximal 
at 6.4 to 7.3 ml 1- 1, C. helgolandicus was found in water 
with less oxygen (5.9 to 6.6 ml l-1). Chlorophyll a con-
centration did not completely, separate the species 
(Fig. 6c). Nutrients were a lso examined. Fig. 6d shows 
an example of a profile for phosphate. Higher abun-
dance of C. finmarchicus corresponded to phosphate 
concentrations between 0.2 and 0.8 lllllOl I- 1. For C. 
helgolandicus, the optimum was between 0.1 and 
0.3 pmoll- 1. As in the case of salinity and temperature, 
graphical squares x 11 variables. 
The first axis explained 42.3 % of the total variance, 
the second 20.8 %, the third 9.5 % and the fourth 
7.2 %. The calculation of equiprobability (E): 
E = (~ )x 100 
where N is the number of variables, indicated that all 
axes with a variance of more than 9.1 % can be consid-
ered significant. Therefore, only the first 3 normalised 
e igenvectors and principal components (representing 
72.6 % of the total variance) were retained. Fig. 8 pre-
sents a scatterplot of the first 2 normalised eigenvectors 
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ping of the first principal component iden-
tified a northward change from March to 
August and then a reverse movement from 
Septembe r to December (Fig. Bb). The 
Oceanic Polar Front (Dietrich 1964) was 
clearly identified (for location see Fig. 1). 
An asymmetry in the seasonal changes of 
the physical-chemical parameters was 
detected . The northern limit of the west-
ern part of the Atlantic basin remained rel-
atively constant a t a monthly scale while in 
the eastern part the seasonal northward 
movement was much more pronounced. 
The influence of bathymetry on the first 
principal component was not detected . 
Fig. 9 is a scatterplot of the second and 
third normalised e igenvectors and maps 
of the seasonal changes in the second 
principal component at a seasonal scale. 
Variables that contributed mostly to the 
second principal component were mixed-
layer depth (RC= 51.1 %), index of turbu-
lence (RC= 43.7 %) and, to a lesser extent, 
chlorophyll concentration (RC = 27.1 %), 
the index of spatial variability in bathy-
metry (RC= 23.2%) and average bathy-
metry (RC= 22.9 %). Mapping of seasonal 
changes in the second principal compo-
nent (Fig. 9b) showed the importance of 
parameters rela ted to water-column struc-
ture a nd the stable-biotope component 
(i.e. geographically stable, e.g. variables 
related to bathymetry). The effect of 
wate r-column structure was especially 
strong in the Atlantic Arctic Biome. 
Fig. lOa shows that the main parameter 
related to the third principal component 
was primarily the index of spatial variabil-
ity in bathymetry (RC= 42.4 %) so that the 
third principal component (Fig lOb) directly 
highlighted the bathymetry of the region. 
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 Identification of ecological niche 
Phosphate (IJmol 1-1) 
Fig . 6 . Calanus finmarchi cus and C. helgolandicus. Abundance (in decimal 
logarithm) as a function of month of yea r and of (a) salinity, (b) dissolved 
oxygen, (c) chlorophyll a, (d) phosphate 
Using the first 3 principal components, a 
representation of the ecological niche 
(sensu Hutchinson 1957) is outlined in 
and maps of the first principal component. Variables 
such as temperature (relative contribution, RC= 82 %); 
phosphate (RC= 75. 1 %), oxygen (RC= 73.8%), silicate 
(RC = 62.9 %) and nitrate (RC = 54.7 %) contributed 
greatly to the first compone nt. Temperature was corre-
lated negatively with the above factors (Fig. 8a). Map-
Fig. 11 , which suggests that the ecological 
niche of both Calanus species is well separated. The 
g raphical was confirmed by the MRPP-based test, 
which indica ted a statistically significant separation of 
the niche for each month and abundance category 
(Table 2). Quantification of the breadth of the niche fur-
ther indicated that the niche breadth of C. fin.marchicus 
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was overall larger (e.g. niche breadth index= 8.2 for 
January) than that of its congener (e.g. niche breadth 
index= 7.4 for January) when the estimation was based 
on presence data, whatever the month. When higher 
categories of abundance were considered, few excep-
tions were detected ; these corresponded to the main 
seasonal maximum of the 2 species. These exceptions 
might be related to the positive relationship between 
dispersal and abundance of the 2 species. 
Application of ecological niche approach to explain 
change in dominance 
~ b Ca/anus he/golandicus 
Temperature was the most important environmental 
parameter accorcling to PCA results. This parameter sep-
arated the 2 species well. Fig. 12 shows changes in the 
proportion of Calanus helgolanc:licus as % of total 
Calanus (C. finmarchicus and C. helgolanc:licus) as a 
function of temperature. The location of the line be low 
which 10% of Calanus identified by the CPR survey 
were C. helgolanc:licus varied monthly. Fig. 12 shows 
that a change in Ca/anusdominance (from 10 to 60 % for 
C. helgolanc:licus) occurs when temperature increases by 
1.5to 3°C during the reproductive season. Superimposed 
on the contour diag ram, the minimal and maximal 
temperatures in the North Sea for the period 1958 to 
2002 demonstrate that this magnitude of temperature 
change did indeed occur. Fig. 12 explains by tempera-
ture alone (related to increase in atmosphe ric tempera-
ture, advection change or water mass location) the 
change in Calanus dominance that occurred in the North 
Sea during the regime shift (Reid et al. 2003b). Low tem-
peratures were nearly exclusively observed prior to the 
shift, whHe hlgher temperatures (with the exception of 
the negative NAO year in 1996) were mainly observed 
after the shift (Bea ugrand 2004 b). 
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Table 2. Tests of comparison of breadth of Calanus hnmarchicus (C.fin) and CaJanus helgolandicus (C.hel). po: probability of 
separation of the 2 niches. For description of abundance categories 1 to 4 see 'Mate rials and methods' 
Month Category 1 (>0 %) Category 2 (>25 %) Category 3 (>50 %) Category 4 (> 7 5 %) 
C. fin C.hel po C. fin C.hel po C. fin C.hel po C. fin C.hel po 
January 8.15 7.36 <0.01 8.11 7.01 <0.01 7.97 6.46 <0.01 6.88 6.64 <0.01 
February 8.46 7.37 <0.01 8.39 7.21 < 0.01 8.55 6.52 <0.01 7.14 5.94 <0.01 
March 8.84 7.55 <0.01 8.95 7.19 <0.01 9.22 6.97 <0.01 8.97 6.57 <0.01 
April 8.68 7.87 <0.01 8.32 7.44 <0.01 8.65 6.91 <0.01 8.55 6.66 <0.01 
May 7.95 7.38 <0.01 7.42 6.93 < 0.01 7.19 6.51 <0.01 7.46 5.92 <0.01 
June 7.34 6.36 <0.01 7.12 6.01 <0.01 6.85 5.69 < 0.01 6.82 5.26 <0.01 
July 7.49 6.37 <0.01 7.12 5.92 <0.01 6.51 5.74 <0.01 5.83 5.17 <0.01 
August 6.97 5.85 <0.01 6.44 5.92 <0.01 5.85 6.17 <0.01 5. 14 5.93 <0.01 
Septe mber 7.30 6.32 <0.01 6.71 6.08 <0.01 6.17 6.21 <0.01 5.47 6.05 <0.01 
October 7.75 6.75 <0.01 7.65 6.68 < 0.01 7.36 7.05 < 0.01 7.61 6.66 <0.01 
November 7.82 6.56 <0.01 8.09 6.48 <0.01 8.31 5 .68 <0.01 8.45 5.19 <0.01 
December 7.74 6.55 <0.01 7.75 6.62 <0.01 7.45 6.12 < 0.01 6.42 5.52 <0.01 
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Fig. 8. Sta nda rdised principal component analysis of envirorunental data . (a) Normalised Eigenvectors 1 and 2 (63.1 % ); circles 
of correlation (solid) a nd of regime descriptor contribution (dashed, C = 0.43) also shown. BAT: balhymetry; CHL: chlorophyll a; 
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This study has shown that the (Hutchinson's) eco-
logical niche of Calanus finmarchicus and that of 
C. helgolandicus are significantly separated despite 
the similar morphology of the species (Fleminger & 
Hulsemann 1977, Bucklin et al. 1995). The niche of C. 
helgolandicus is smaller than that of its congener with 
a few exceptions for higher abundance categories 
mainly when C. helgolandicus has its seasona l maxi-
mum in abundance. These exceptions are probably 
related to the positive relationships between abun-
dance and dispersal in the pelagic realm (Beaugrand 
et al. 2001). Fig. 16 summarises the different environ-
mental optima of both Calanus species in tl1e present 
study. The subarctic species C. finn1archicus has a 
broader tolerance interval than its congener and is 
therefore a ble to support larger environmental varia-
tions (Fig. 16). This species is adapted to a cold oceartic 
environment, with high mixing during the winter and 
more nutrients, silicates, oxygen, and is therefore 
indicative of the Atlantic Arctic Biome and especia lly 
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Fig. 12. Calanus helgolandicus. Percentage contribution to 
total Cal anus (C. finmarchicus plus C. helgolandicus); mini-
mum (solid line) and maximum (dashed line) monthly SSTs 
for North Sea are superimposed 
Temporal stability of thermal 
tolerance range 
Fig. 13 shows that the thermal niche 
of both calanus species changed re-
gardless the state of the North Atlantic 
Oscillation (r = 0.79, p < 0.01, n = 133 
for C. finmarchicus; r = 0.77, p < 0.01. 
n = 128 for C. helgolandicus). Beau-
grand (2004b) stressed that the tinting 
of the shift varied according to species, 
trophic levels and spatial centre of dis-
tribution of the individual organisms. 
However, the use of different time 
periods did not affect the results, since 
similar results were obtained for peri-
ods before and after the 1980s regime 
shift (Fig. 14) (r = 0.88, p < 0.01, n = 
135 for C. finmarchicus; r = 0.92, p < 
0.01, n = 135 for C. helgolandicus). 
Fig. 15 shows the stability of the ther-
mal niche of the 2 species at the diel 
scale. No significant change between 
the thermal niche between daylight and 
dark periods was identified (r = 0.76, p < 
0.01, n = 142 for Calanus finmarchicus; 
r = 0.94, p < 0.01, n = 142 for C. helgo-
landicus). This analysis suggests that 
possible year-to-year changes in the 
depth distribution of the Calanus spe-
cies is unlike ly to have biased our 
assessment of Hutchinson's niche for the 
2 species. 
.!: 
.... 
c 
0 
~ 
.!: 
.... 
c 
0 
~ 
.!: 
.... 
c 
0 
~ 
Calanus finmarchicus Calanus helgolandicus 
a Thermal profile for negative NAO (<-1) 
2.00 ,..,-----..._....----, 1.20 
1.75 1.05 
1.50 
1.25 
1.00 
0.75 
0.50 
0.25 
0.00 
0.90 :;::-
0.75 + 
0.60~ 
0.45 g; 
0.30 _J 
0.15 
0.00 
Thermal profile for medium NAO (-1<NA0<1) 
2.00 ---'----.---, 1.20 
1.75 1.05 
0.25 
0.00 
for positive NAO (>1} 
2.00 
0.50 
0.25 
0.00 
20 25 0 
SST (0 C) 
0.90 :;::-
0.75 + 
0.60~ 
0.45 Oi 
0.30 .3 
0.15 
0.00 
1.20 
1.05 
0.90 :;::-
0.75 + 
0.60~ 
0.45 Oi 
0.30 .3 
0.15 
0.00 
Fig. 13 . Cal anus finmarchicus and C. helgolandicus. Abundance (decimal 
logarithm) as a function of sta te of North Atlantic, using NAO index value of 
(a) <-1, (b) - 1 < NAO index < 1, and (c) >1 
162 Mar Ecol Prog Ser 345: 147-165, 2007 
Calanus finmarchinus Calanus he/go/andicus 
a Thermal profile before the regime shift {1987) 
D 2~ 1~ 
.r::. 
tJ 
0 
~A 
F 
A 
.r::. 
CJ 0 
~A 
F 
0.90 ;::-
0.75 + 
0.60 '6 
0.45 Ci 
0 0.30 _J 
0.15 
0.00 
1.20 
1.05 
0.90 ~ 
.,.... 
0.75 + 
0.60 ~ 
0.45 Ci 
0.30 ..9 
0.15 
0.00 
Fig. 14. Ca.lanus finma.rcbicus and C. helgolandicus. Abundance (decimal 
logarithm) as a function of s tate of North Atlantic, for a period (a) before and 
(b) after 1980s regime shift 
Ca/anus finmarchinus Calanus helgolandicus 
.r::. 
o a 
0 
A 
c J 
0 
~A 
.r::. 
-
F 
0 
A 
§ J 
~A 
F 
Thermal profile before the regime shift (1987) 
2.00 
1.75 
1.50 
1.25 
1.00 
0.75 
0.50 
0.25 
0.00 
Thermal profile after the regime shift (1987) 
2.00 
1.75 
1.50 
1.25 
1.00 
0.75 
0.50 
0.25 
0.00 
15 20 25 0 
SST {0 C} 
1.20 
1.05 
0.90 ~ 
.,.... 
0.75 + 
0.60 ~ 
0.45 Ci 
0.30 ..9 
0.15 
0.00 
1.20 
1.05 
0.90 ;::-
0.75 + 
0.60 ~ 
0.45 Ci 
0.30 ..9 
0.15 
0.00 
Fig . 15. Ca/anus finmarchicus and C. helgolandicus. Abundance (decimal 
logarithm) as a function of state of North Atlantic, for (a) daylight period 
(10:00 to 14:00 h) and (b) dark period (22:00 to 04:00 h) 
edges (regions with hjgher spatial varia-
tion in bathymetry) . Provinces of tills 
biome have typically higher temperature 
and lower less of nutrients, silicates and 
oxygen (Longhurst 1998). 
Temperature appears to be the factor 
that influences most of the spatial distribu-
tion of the 2 species. Thls paramete r was 
highly correlated to the first principal com-
ponent. A numbe r of authors have hlgh-
lighted the importance of this paramete r 
for the physiology, the biological cycle and 
the ecology of copepods (Maucbline 1998, 
Halsband-Lenk e t al. 2002, Lindley & Reid 
2002). Beaugrand et al. (2001) have shown 
the close link be tween the spatial ilistribu-
tion in copepod diversity and temperature . 
Currie (1991) suggested that thls parame-
te r was the principal factor explaining the 
difference in diversity be tween the equa-
tor and the poles. Temperature influences 
growth , development and reproduction of 
many plankton species (Ha lsband-Le nk et 
al. 2002). 
Temperature covaries negatively with 
nutrients and oxygen concentration so 
that a change in te mperature is accompa-
nie d by a change in nutrie nt and oxygen 
concentration over the study area. These 
relationships hold true , because when 
temperature increases, biological produc-
tion also increasing, thus consuming nutri-
ents (Russel-Hunte r 1970). Furthermore, 
when temperature increases, stratification 
is strengthened, limjting nutrie nt input 
from deeper waters (Beaugrand e t al. 
2001). The relationshlp between tempera-
ture and oxygen is re lated to the physical 
link be twee n oxygen solubility and tem-
pe rature (Millero e t al. 2002). Therefore, 
we believe that the main driving mecha-
nism is temperature and not its covariates, 
a lthoug h it is possible that nutrients and 
oxygen also play a role, especially Uuough 
food web interactions (Legendre & Ras-
soulzadegan 1995). Indeed, Legendre & 
Rassoulzadegan (1995) showed that by 
a ltering nutrie nt concentration, changes 
in phytoplankton composition can impact 
rugher trophic levels. 
the Atlantic Arctic and Subarctic provinces defined by 
Longhurst (1998) (see a lso present Fig . 1). Its congener 
C. helgolandicus is more adapted to the temperate 
waters in the Atlantic Westerly Winds Biome (Long-
hurs t 1998), although it is mainly present along sheli-
The structure of the water column indicated by the 
wind-induced turbulence index and mixed-layer depth 
is also an important factor. It appears that Calanus fin-
marchicus is mainly located in oceanic regions with 
lower stratification than C. helgolandicus. The struc-
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I Calanus ffnmarch/cus I I Calanus helgolandlcus I ature. Indeed, Calanus helgolandicus is 
mainly centred over areas between 0 and 
500 m of depth whereas C. finmarchicus 
is generally present in deeper a.reas. 
These results confirm earlier works that 
classified C. finmarchicus as primarily an 
oceanic species and C. helgolandicus 
as a pseudo-oceanic species (Beaugrand 
et al. 2001, Bonnet et al. 2005, Flemin-
ger & Hulsemann 1977). Bathymetry is 
especially important for C. helgolandicus 
(Beaugrand 2004a, Bonnet e t al. 2005). 
Fleminger & Hulsemann (1977, their 
Fig. 5) proposed a map of the spatial 
distribution of both Calanus studied in 
this work. Our results are simila r, and 
differences noted fo r C. finma.rchicus are 
mainly related to the use of presence 
data by Fleminger & Hulsemann (1977) 
whereas abundance data were used in 
the present study. Furthermore, 45 yr of 
CPR sampling are now available while 
Fleminger & Hulsemann (1977) based 
their synthesis on 17 yr. 
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Fig. 16. Calatws finmarchicus and C. helgolandicus. Influence of different 
abiotic variables on the 2 species. Environmental optima determined using first 
and ninth deciJe for each environmental parameter for which the relevant 
Calanus species was superior to the first quartile. It can be seen that C. helgo-
landicus is indicative of the Westerly Winds Biome for regions above the shelf 
edge (e.g . regions with high spatial variability in bathymetry) while C. finmar-
chicus is indicative of the Arctic biome (especially sub arctic and Arctic Atlantic 
Identification and quantification of 
environmental factors involved in the 
spatial regulation and ecological niche of 
Calanus finmarchicus and C. helgolandi-
cus may enable the calculation of habi-
tat-suitability maps (Pulliam 2000). The 
fact that temperatu.re is an important 
controlling facto r of the spatial distribu-
tion of C. finmarchicus and C. helgo-
landicus has significant implications in 
the context of g lobal climate change. 
Indeed, temperature is one of the para-
meters which will be the most a.ffected 
(IPCC 2001). Moreover, tempera ture is 
the most accessible parameter in the var-
ious scenarios suggested by the IPCC 
(2001 ). This makes possible the realisa-province; Longhurst 1998) 
tu.re of the water column is likely to have a substantial 
influence on zooplankton distribution , life strategy and 
population dynamics (Longhurst 1998, Heath et al. 
1999). A negative relationship between stratification 
and zooplankton biomass was reported for the Cali-
fornian coast by Roemmich & McGowan (1995). They 
suggeste d that a longer stratification period, as well as 
stronger stratification, might hamper the interchange 
of nutrients from deeper to surface waters, limiting 
phytoplankton growth and ultimately food for higher 
trophic levels. 
Bathymetry also influences the spatial distribution of 
the 2 species, a1U10ugh lo a lesser extent than temper-
tion of scenarios of changes in the spatial 
distribution of C. finmarchicus and C. helgolandicus. 
Forecasting the distribution of C. fimnarchicus and C. 
helgol andicus with Ocean General Circulation Models 
(OGCMs) outputs is of great interest because these 
Calanus species are key structural species of pelagic 
ecosystems in the North Atlantic and adjacent seas. 
They have a significant role in the life cycle of many 
exploited fishes . For example, Beaugrand et al. (2003) 
recently showed the importance of C. finmarchicus for 
the survival of larval cod in the North Sea. A positive 
correlation between cod recruitment and the abun-
dance of C. finmarchicus was detected. The re lation 
was reversed with C. helgolandicus. Mechanisms pro-
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posed were based on the 'match/mismatch' hypothesis 
(Cushing 1996). C. finmarchicus was abundant in the 
North Sea prior to the 1980s regime shift. As this spe-
cies has its seasonal maximum in spring, it ensured a 
great availability of prey for cod larvae (period of 
occurrence from March to August). C. finmarchicus 
decreased during the 1980s while its congener 
increased. This change in dominance reduced the 
availability of Calanus prey in spring because C. hel-
golandicus has its seasonal maximum in autumn at a 
time when cod larvae feed on larger prey such as 
euphausiids or other fishes. 
A remarkable feature of our study is that the envi-
ronmental optimum of Calanus species varies season-
ally for all abiotic parameters. Theses seasonal fluctua-
tions might be influenced by the spatial variability in 
the seasonality of both species (Planque e t al. 1997). 
For C. finmarchicus, seasonal fluctuations could be 
related to large-scale differences in the timing of onto-
genetic vertical migration. Another hypothesis is that 
they could be re lated to the differential sensitivity of 
the mean developmental stages of Calanus population 
to temperature that has been observed in some exper-
iments (Harris et al. 2000). 
The use of this ecological niche approach has 
allowed an explanation of the shift in Calanus domi-
nance to be outlined. Reid et al. (2003b) showed a sub-
stantial and sustained reduction in the percentage con-
tribution of C. finmarchicus to total Calanus in the 
North Sea. While in 1962, C. finmarchicus comprised 
80 % of Calanus spp. in the North Sea, C. helgolandi-
cus comprised 80 % of Calanus identified by the CPR 
survey in 2000. As seen in Fig. 12, Calanus dominance 
in the North Sea is highly sensitive to temperature, 
especially in spring and summer. We have demon-
strated that the shift in dominance could have been 
triggered solely by temperature changes in U1e North 
Sea. Sea surface temperature changes are like ly to be 
related to changes in air te mperature (Beaugrand 
2004b) over the region and changes in adveclion 
recently discussed in Reid et al. (2003b). Reid et al. 
(2003b) r e ported that when the NAO was positive, the 
strength of the European shelf-edge current which 
flows northwards, increased and that oceanic inflow 
into the northern part of the North Sea was strength-
ened. During the cold regime in the North Sea prior to 
1980, this region was at the boundary between a sub-
arctic biome and a more temperate biome (Longhurst 
1998). As C. finmarchicus is indicative of the Atlantic 
Arctic biome, the change in the proportion of Calanus 
in the North Sea may indicate that the subarctic biome 
has moved northwards. This has bee n recently sug-
gested by Beaugrand (2004b) . A northward movement 
of plankton has been detected using calanoid cope-
pods in the northeastern part of the North Atlantic 
(Beaugrand et al. 2002) and a similar shift has been 
found for fish (Pe rry et al. 2005). 
This study has shown the usefulness of Hutchinson 's 
ecological niche concept, wich in general has been 
poorly utilised by ecologists. However, it is important 
to note that in the present study we assessed the re-
alised, not the fundame ntal, niche of Calanus spp. 
Hutchinson ( 1957) made this distinction and stated iliat 
the realised niche should always be smalle r than the 
fundamental niche as species inte ractions e liminate in-
dividuals from favourable biotopes. However, Pulliam 
(2000) recently showed that when dispersal is high, the 
realised niche can be larger than the fundamental 
niche. This is probably the case here as the oceanic 
pelagic realm is continuous, 3-dimensional and with-
out geographical barriers that make biogeographical 
regions less well-de fined than in the te rrestrial realm . 
One way to assess the fundame ntal niche would be to 
base the assessment of the species niche on a physio-
logical mode l such as that described by Pulliam (2000) . 
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ABSTRACT: Hutchinson's (1957; Cold Spring Harbour Symp Quant Bioi 22:415-427) niche concept 
is be ing used increasingly in the context of global change, and is currently applied to many ecologi-
cal issues including climate change, exotic species invasion and ma nagement of endangered species. 
For both the marine and terrestrial realms, the re is a growing need to assess the breadth of the niches 
of individual species and to make comparisons among the m to forecast the species' capabilities to 
adapt to global change. In this paper, we describe simple non-parametric multivariate procedures 
derived from a method originally used in climatology to (1) evaluate the breadth of the ecolog ical 
niche of a species and (2) examine whether the niches are significantly separa ted. We first applied 
the statistical procedures to a simple fictive example of 3 species separated by 2 environmental fac-
tors in order to describe the technique. We then used it to quantify and compare the ecological niche 
of 2 key-structural marine zooplankton copepod species, Calanus finmarchicus and C. helgolandicus, 
in the northern part of the North Atlantic Ocean using 3 e nvironmental factors. The test demonstrates 
that the niches of both species are significantly separated and that the coldwater species has a niche 
la rger than that of its warmer-water congeneric species. 
KEY WORDS: Ecological niche · Niche assessment · Statistical modeling · Macroecology 
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INTRODUCTION 
Spatial distribution of a species is not stable in time 
and space (Rosenzweig 1995). It changes continually, 
being the result of the adjustment of the species' physi-
ology and life cycle to both abiotic and biotic factors 
(Longhurst 1998). Chorology, the study of the spatia l 
distribution of organisms and the factors involved in its 
control necessitates having a clear idea of the eco-
logical niche of the species (Lacoste & Salanon 2001). 
Among the diffe rent definitions of the ecological niche 
of a species that have been proposed (e .g. Gri1mell 
19 17, Elton 1927), the one from Hutchinson (1957) has 
been the most influential. Hutchinson (1957) defined 
the ecological niche as a multidimensional hypervol-
ume with the factors of the environme nt as the axes. 
Contrary to the definjtion proposed by Grinnell (1917). 
the niche is a property of a species, not a property of 
the environment (Harmon et a l. 2005). The notion of 
• Email: g regory.beaugrand@univ-lille l .fr 
Hutchinson (1957) is simple and represents a rigorous 
way of assessing the niche of a species (Pulliam 2000). 
Forecasting the spatial distribution of a species has 
become an important issue in conservation (Austin 
2002, Elith e t a l. 2006). Assessing the ecological niche 
of a species is important in terms of managing endan-
gered species (Sanchez-Cordero e t al. 2005), predict-
ing the responses of species to global climate change 
(Pearson 1994, Berry e t a l. 2002) or assessing the 
potential effects of invasion of non-native species 
(Jackson e t al. 2001). Researchers are commonly inte r-
este d in (1) q uantifying the breadth of the n iche and 
(2) knowing whether the ecological niches of 2 species 
are distinct (e.g. Stewart et al. 2003). For up to 3 envi-
ronmental factors, niche comparison can be accom-
plished by a simple examination of scatterplots (i.e. 
abundance as a function of the environmental descrip-
tors). However, this method can lead to misinterpre-
tation and does not numerica lly quantify e ither the 
© Inte r-Research 2008 · www.int- res.com 
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breadth of the niche of a species or the probability that 
the niches are separated. Austin et al. (2006) recently 
stressed that quantifying the niche breadths a long 
gradients remained an unresolved scientific issue. We 
propose simple multivariate non-parametric proce-
dures derived from a me thod originally used in clima-
tology (Mielke et al. 1981) to (1) numerically assess 
species niche breadth and (2) evaluate whethe r the 
ecological niches are significantly distinct. First , we 
describe the technique using a simple fictive example 
of 3 species distinguished by 2 factors . Then, we apply 
the technique on 2 key structural marine zooplankton 
copepod species in the northe rn part of the North 
Atlantic Ocean. 
MATERIALS AND METHODS 
Study area and biological data. The study zone cor-
responds to the northern part of the North Atlantic 
Ocean a nd extends from 99.5° W to 19.5° E longitude 
and 29.5° N to 69.5° N latitude. Biological data were 
provided by the Continuous Plankton Recorde r (CPR) 
survey; information describing this large-scale plank-
ton monitoring programme can be found in Warner & 
Hays (1994) , Batte n et al. (2003) and Reid e t al. (2003) . 
Data for the period from 1958 to 2002 were used in the 
present s tudy (Fig. 1). We applied numerical proce-
dures to assess and compare the ecological niches of 
2 marine pe lagic calanoid copepods, Calanus finmar-
chicus and C. helgolandicus. These calanoids are key 
structural species in subarctic (C. finmarchicus) and 
temperate she ll-edge (C. helgolandicus) regions of the 
North Atlantic Ocean (e.g . Bonne t e t a l. 2005, Spe irs e t 
al. 2005). 
Environmental data. Three environme ntal factors 
were used to assess the ecological niches of the 2 Cala-
nus species. The spatial extent of the environmental 
data conside red in the present study is shown in Fig. 1. 
Temperature was an essential factor because of its rec-
ognized influence on plankton (Reid & Edwards 2001a, 
Beaugrand & Reid 2003, Beaugrand et al. 2003) . Tem-
perature data were provided by the Comprehensive 
Ocean- Atmosphere Data Set (COADS; www.cdc. 
noaa .gov) (Woodruff e t al. 1987) . Salinity also consti-
tutes an important factor for many species (Mauchline 
1998). Salinity data were extracted from the 'World 
Ocean Atlas 2001' database (v•ww.nodc.noaa .gov/ 
OC5/WOA01/pr_woa01.html) . Bathymetry is a factor 
especially iniiuential for distribution of C. helgolandi-
cus, which is considered to be a pseudo-oceanic spe-
cies (i.e. a species that can be found in oceanic and 
neritic wate rs, but is mostly abundant above the shell-
edge, Beaugrand e t a l. 2002a). Bathymetry data came 
from the General Bathymetric Chart of the Oceans 
25 
(J) 
(!) 
QJ 
20 (/) 
c 
4. QJ 
15 
() 
(!) 
..... (!) 
3 
10 '0 (!) 
..... QJ 
c 
iD 
~ 
0 
.9 
Longitude 
Fig. 1. (A) Spatia l distribution of North Atlantic mean sea sur-
lace temperatures (grey scales), which reflect the spatial ex-
tent of environmental data used in U1is study. The isobaths of 
200 m are also indicated. (B) Spatial distributions of the 
Continuous Plankton Recorder (CPH) samples for the period 
1958- 2002 (19 1 028 CPR samples, grey dots) 
(GEBCO; www.bodc.ac.uk/projects/international/gebco) 
database and an index of spatial variability in the 
bathyrnetry was calculate d . In a geographical cell of 1 o 
latitude and 1 o longitude, both the average and stan-
dard deviation of bathymetry data were first calculated 
(225 data per geographical cell) . Then, the coefficient 
of variation (CV) was calculated as the pe rcentage 
ratio of the standard deviation to the mean. A hig h 
variability in the ba thymetry generally indicates con-
tinental slope regions (Fig. 2) . The procedure is 
explained in more detail by He laouet & Beaugrand 
(2007) . 
Pre-processing of data. We calcula ted the mean 
abundance of both Calanus species for each category 
of (1) temperature (every 2°C between -3°C to 35°C), 
(2) salinity (every 0.5 psu between <30 psu and 
>39.5 psu) and (3) spatial variability of the bathymetry 
(every 10 m between <- 100 m and 0 m) . The class 
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intervals of each variable were selected on the basis of 
the examination of the frequency histogram of each 
environmental factor. This stage of the analysis was 
performed to represent visually the ecological niche of 
the species and then to apply the statistical procedures 
described as follows. 
If X(m,p) is the matrix of p environmental variables 
with the m environmental categories, then each cell of 
X represents the centre of the interval of an environ-
mental variable (Fig. 3). If C(p, 1) is the vector that con-
tains the total number of category for each of the p 
variables, then the number of rows m in X is given by: 
p 
m= n C; (1) 
i=l 
Fig. 2. Mapping of the index of spatial variability in the 
bathyrnetry (from Helaouet & Beaugrand 2007) 
The term Y(m,s) is the vector with m abundance or 
presence/absence values corresponding to the m envi-
ronmental categories for the s species (Fig. 3). Missing 
data are often present in the matrix and correspond to 
Case 1 <f) ~ 
all X; for Yi.1 > 0 e 
for species 1 
Case 2 
all x1 for y1,1 > 
first quartile 
for species 1 
Case 3 
all x1 for Yi,1 > 
median 
for species 1 
Case4 
all x1 for Y1.1 > 
third quartile 
for species 1 
p parameters 2 species 
Species 1 Species 2 
p parameters 
p parameters 
p parameters 
p parameters 
Niche 
comparisons 
<f) 
~ 
1111 IJl e 
.. .. 
.. • 
.. • 
"' c 
p parameters 
p parameters 
p parameters 
p parameters 
Case 1 
all x1 for y1,2 > 0 
for species 2 
Case 2 
all x1 for y1,2 > 
first quartile 
for species 2 
Case3 
all x1 for y1,2 > 
median 
for species 2 
Case 4 
all x1 for y1,2 > 
third quartile 
for species 2 
Fig. 3. Origin of matrices tested in this study. Comparisons between species 
niches were performed for each case 
an environmental category that was not 
sampled. The amount of missing data in-
creases with the number of environmental 
variables (and therefore m). Only rows of X 
for which the species was detected (or 
belong to a certain category of abundance ) 
are considered in the calculation. There-
fore, the number of rows n to be tested 
often varies between species (and n ~ m, 
Pig. 3). 
The analyses were used based on occur-
rence data (all environmental data for which 
the abundance of species are >0, Case 1. 
Pig. 3). For example, the data point for a tem-
perature class centred on 10°C, a salinity 
class of 34 .75 psu and a spatial bathymetry 
variability class of - 45, was considered as 
abundance data for Calanus finmarchicus 
superior to 0 in these environmental inter-
vals. This was not the situation for C. hel-
golandicus. The procedures were also used 
for abundance data> first quartile (Case 2), 
data> median (Case 3), data> third quartile 
(Case 4) . The firs t quartile, the median and 
third quartile were assessed for each species 
from matrix Y. Reshaping and building of 
the matrices used in the analyses is illus-
trated in Pig. 3. 
To assess and compare the ecological 
niche of 2 or more species, we propose 
a nume rical analysis based on Multiple 
Reponse Permutation Procedures (MRPP, 
Mielke et al. 1981, Zimmerman et al. 1985). 
These procedures have been often applied 
with Split Moving Window Boundary ana-
32 Mar Ecol Prog Ser 363: 29-37, 2008 
lysis (Webster 1973) to detect discontinuities in time 
series (Cornelius & Reynolds 1991). For example, this 
method was applied to detect the substantial and rapid 
changes called regime shift (Reid & Edwards 2001b) 
that occurred in North Sea plankton ecosystems (Beau-
grand 2004b) . 
Assessment of the niche breadth. For each species 
and case (Fig. 3}, the breadth of the ecological niche 
was assessed by calculating the Euclidean distance be-
tween all possible pairs of points. Each environmental 
variable was normalized to 1 prior to the calculation of 
Euclidean distances. The normalization is a special 
kind of scaling (Legendre & Legendre 1998). Each ele-
ment of the vector is divided by its length, using the 
Pythagorean formula. This transformation ensured 
that each variable had the same weight in the analysis. 
The Euclidean distance (d) be tween the rows x1 and 
xk in the matrix X (i.e. n rows that represent the envi-
ronmental ca tegories in which the species is e ither >0, 
or >first quartile, or >median, or >third quartile accord-
ing to the diffe rent cases and p columns representing 
the number of environme ntal variables) is calculated 
as follows: 
(2) 
with p being the numbe r of environmental variables. 
The total number of Euclidean distances (g) to be ca l-
culated for a species (and a case) is: 
g = n(n-1)/ 2 (3) 
with n being the number of rows in matrix X. Calcula-
tions are illustrated with a simple exa mple (Table 1, 
Fig. 4) . No normalization was done in this example as 
it is fictive and we assume that the 2 variables have the 
same units . This is generally not the case with actual 
data and it is important to undertake a normaljzation 
procedure so as not to bias the results. In this example 
n = 3 for Species 1. Three Euclidean distances should 
be calculated (g = 3, Table 1). Calculations give values 
of d (x ,. x,) = 2.236, d ,x,. x,) = 2.000 and d lx .• x ~ = 2.236. 
For each case and species, the mean Euclidean dis-
tance, £, is then ca lculated to assess the breadth of the 
ecological ruche as follows: 
g 
LA (4) 
E = J=L_ g 
with g being the tota l number of Euclidean distances 
calculated from X. In the example (Table 1, Fig . 4), 
£ = (2.236 + 2.000 + 2.236) /3 = 2.157 fo r Species 1, E = 
2.452 for Species 2 and E = 4.392 for Species 3. There -
fore, the breadth of the ecologica l niche (only based on 
2 factors in this example) is greater for Species 3 than 
for Species 2 and Species 1 (Fig. 4) . 
Table 1. Fictive example showing the occurrence of 3 species 
according to 2 environmenta1 variables. Data are untransfonned 
-Species 1 - - Species 2 - - Species 3 -
Factor 1 Factor 2 Factor 1 Factor 2 Factor 1 Factor 2 
2 
3 
6 
5 
C\1 4 
.... 
0 
u 3 113 
u.. 
2 
1 
3 
1 
• Species 1 
• Species 2 
• Species 3 
2 
4 
5 
5 
7 
4 
2 
5 
4 
3 4 5 
Factor 1 
3 
6 
7 
6 7 
2 
3 
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8 
Fig. 4. Hypolhetica1 ecological niche (sensu Hutchinson 1957) 
of 3 species in the space of 2 factors. All possible Euclidean 
distances (d) are indkated for Species 1 a nd 2. Data are pre -
sented in Table 1 
Test of niche separation. The following non-para-
metrical MRPP techruque can then be applied to test 
whethe r the species have diffe rent ecological ruches. 
The test sta tis tic o be tween Species 1 and 2 (2 species) 
and a given case is calcula ted as be ing the weighted 
mean of the values for£: 
(5) 
w here g 1 and g2 are the total number of Euclidean 
distances calculated for Species 1 (matrix XJ) and 
Species 2 (matrix X2) , respectively (see Fig. 2) . The 
terms £1 and £2 a re the mean Euclidean di stances 
for Species 1 and 2, respectively. 
The probability values of the MRPP statistics are 
de te rmined by permutations (Zimmerman et al. 1985). 
For comparison of the ecological niche of 2 species 
(e.g. Species 1 and 2), the number of possible pe rmuta-
tions, PE 1.2, is: 
(6) 
In the example, PE1.2 = 35 permutations, PE1,3 = 35 
permutations and PE2 ,3 = 70 permutations. The proba-
bility P1.2 (e.g. Species 1 and 2) is calculated from the 
following formula : 
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(7) 
where K6~.,<Bu is the number of recalculated or simu-
lated liu (e.g. Species 1 and 2), called oL2· found to be 
inferior to the observed liu after permutation. 
In the fictive example (Table 1, Fig. 4), the calculated 
values are 1\1.2 = 2.3260 and P1.2 = 0.0286. Therefore, 
the ecological niche of Species 1 and 2 are significantly 
diffe rent. For Species 1 and 3, liu = 3.4342 and Pt.J = 
0.2857, and for Species 2 and 3, ~.J = 3.4221 and P2.J = 
0.6286, so that the niches do not significantly differ 
either between Species 1 and 3 or between Species 2 
and 3. The number of possible permutations is impor-
tant to provide an idea of the robustness of the proba-
bility. In the example, it is relatively low. Whe n the 
number of occurrence points begins to become moder-
ate ly high, the test becomes rapidly robust. For ex-
ample, for 2 species, one of which has 10 occurrences 
and the other 15, then 2.85 million permutations are 
possible . When the number of possible permutations is 
too high, it is not possible to do a ll calculations and 
Berry & Mielke ( 1983) proposed using the Pears on 
Type Ill distribution instead. However in that case, 
only the Euclidean distance can be applied. We pro-
pose to use a finite number of permutations. A mini-
mum number of 10 000 permutations is generally rec-
ommended to stabilise the probability for tests based 
on random pe rmutations such as Mantel's test (Jack-
son & Somers 1989). This way of assessing the proba -
bility enables the use of any distance o r similarity mea-
sures. This assumption works as long as there is no 
substantial diHere nce in the number of occurrences (or 
abundance values > first quartile, median or third 
quartiles), n •. for each species. 
RESULTS 
The ecological niche for Calanus finmarchicus seems 
larger than that for C. helgolandicus (Fig. 5). As expec-
ted , C. finmarchicus has a temperature optimum lowe r 
than C. h elgolandicus, but the former species is more 
eurythe rmal than the latter. Calanus helgolandicus is 
found at higher levels of salinity than is C. finmarchi-
cus and in regions where spatial variability in the ba-
thymetry is greater. Again, C. finmarchicus can toler-
ate higher variation in salinity than its congeneric 
species and is found in regions encompassing a greater 
diversity of bathymetry profiles (Fig. 5). The abun-
dance patterns shown in Fig. 5 also suggest that the 
niches of both species are separated . 
These findings are confirmed by the statistical proce-
dures (Table 2). The procedure quantifies the breadth 
of the ecological niche of both Calanus species for sev-
Table 2. Ca/anus linmarchicus and C. helgolandicus. Results 
of the tests based on annual estimations of the abundance of 
both species in each category of te mperature, salinity and 
variability of bathymetry. Case 1: all prese nce data, Case 2: 
abundance data > 1st quarWe, Case 3: abundance data > me-
dian, Case 4: abundance data > 3rd quartile. Niche breadth: 
breadth of the ecologicaJ niche of each species. p : probability 
that the niches of both species are different 
Niche breadth p 
C. finmarchicus C. helgolandicus 
Case 1 6.6887 6.1066 <0.0001 
Case 2 6.4695 5.7971 <0.0001 
Case3 6.2840 5.6667 <0.0001 
Case 4 6. 1522 5.3492 <0.0001 
erallevels of abundance. For all degrees of abundance, 
the breadth of the ecological niche of the subar ctic spe-
cies C. finmarchicus (e.g. value of 6.69 based on all pre-
sence data) is higher than the breadth of the niche of its 
congeneric temperate pseudo-oceanic species (e.g . 
value of 6.11 based on all presence data) . When only 
high abundance data are considered (i.e. data > third 
quarti le), the separation be tween both species is maxi-
mum. The procedure also de monstrates that both 
niches are significantly separate d from each other 
(Table 2) . 
DISCUSSION 
These results were expected as Calanus finmarchi-
cus characterizes subarctic water while its congeneric 
species, C. helgolandicus, is more indicative of temper-
a te wate rs (Beaugrand e t al. 2002b, Beaugrand 2003, 
Bonnet et al. 2005, Helaoue t & Beaugrand 2007). Rapo-
port's rule suggests the existence of a lati tudinal gra-
dient in geographical range size and , the refore, an 
increased tole rance of high latitude species to environ-
mental fluctuations (Stevens 1989) . Our results con-
form to this ecogeographica l pattern. The greater 
breadth of the niche of C. finmarchicus explains why 
the spatial distribution for this species is larger than for 
C. JJelgolandicus (Planque 1996, Beaugrand 2004a). 
Using the proposed procedures, quantification of the 
niche for species ranging from the equator to the pole 
could provide additional information on the validity of 
this long-debated patte rn in ecology (Rohde et al. 
1993, Colwell & Hurtt 1994, Lyons & Willig 1997, 
Sanders 2002) . 
Many methods have a lready been proposed to assess 
the ecological niche of species (for a review, see e .g. 
Guisan & Zimmermann 2000, see also Holzel 2003, 
Elith e t al. 2006). Regression techniques are often 
applied to characterize the re lationships between a 
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Fig. 5. Ecological niches of (A) Calanus finmarcbicus and (B) C. helgolandicus based on te mperature (•C), salinity (psu) a nd vari-
ability in the bathymetry (m). Black dots are measurements of the abundance of the species for a given environmental category and 
the shaded grey e nvelope indicates the ecological niche of the species, which was calculated by cubic polynomial interpolation 
species and its environment (te r Braak & Looman 
1987). Regression techniques are selected according to 
the characte ristics of the da ta (i.e . quantitative or cate-
gorical) and the number of explanatory variables to be 
included in the model. Generalised linear models 
(GLM, McCullagh & Nelder 1983) and generalised 
additive models (GAM, Hastie & Tibshirani 1990) have 
been most ofte n used (Lea thwick & Austin 2001, Hee-
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gaard 2002). When more than 1 species is examined, 
canonical ordination techniques such as redundancy 
analysis (RDA) have been applied if the response of 
species to a change in the environment is assumed to 
be linear. When the response is expected to be uni-
modal, canonical correspondence analysis (CCA) can 
be computed (ter Braak 1987) . Other methods such as 
artificial neural networks (ANN, Mane) et al . 1999) , 
regression trees and classification trees exist. Multi-
variate adaptive regression splines (MARS) combine 
regression trees with spline fitting and represent an 
interesting technique for modeling species distribu-
tions (Leathwick e t al. 2006). Those methods, howeve r, 
do not allow assessment and direct quantification of 
the breadth of the niche, or testing a nd comparison of 
the breadths of the ecological niches of 2 species. The 
outlying mean index method (OMI analysis, Doledec et 
al. 2000) allows a comparison of the relative position 
and the breadth of the species niche. This method is 
especially useful when a high numbe r of species is 
compared. This technique assesses the re lative posi-
tion of the species by calculating a margina lity index, 
which is represented by the distance between the 
mean habita t conditions of a species (se nsu Hutchin-
son 1957) and the average habita t conditions of the 
sampled region. A tole rance index that evaluates the 
niche breadth and a residual tole rance index that 
informs on the variance of the species niche not consid-
e red in the marginality axis are also computed. The 
niche breadth index is a measure of intra-group vari-
a nce weighted by the relative abundance of the spe-
cies. Our breadth niche index is simply the mean 
Euclidean distance based on a ll abiotic variables, and 
the procedures that allow comparisons to be tested a re 
distribution-free. As variables are most often measured 
in d ifferent units, the Euclidean dis tance has to be cal-
culated on transformed data . We normalized the data 
so that each variable has a length of 1. The Euclidean 
distance can be replaced by any type of distance as 
long as the conditions of application of the index are 
met (Legendre & Legendre 1998). This represents a 
g reat advantage in addition to the simplicity of the 
technique. 
The de fi nition of the ecological niche used in tllis 
study is tha t of Hutchinson (1 957). This also represents 
what is sometimes called the environmental niche as 
opposed to the trophic niche (see the discussion in 
Guisan & Wilfried 2005) . Hutchinson (1957) made the 
distinction between fundamental and realized niches, 
stating that the latter was smaller than the fundamen-
tal niche. Recently, however, Pulliam (2000) clearly 
demonstra ted tha t when dispersal was high, the real-
ized niche could be larger than the fundamental niche. 
Pulliam (2000) distinguished source habitats, where 
local reproduction is higher than local mortality, from 
sink habitats, where local mortality is superior to local 
reproduction. Dispersal in the marine pelagic domain 
of the North Atlantic Ocean is high as there is no phys-
ical barrier. This is probably why marine biogeograph-
ica l regions a re less well identified than in the te rres-
trial realm (Rapoport 1994). High dispersal in the 
marine pelagic environment is likely to increase the 
breadth of the niches for Cal anus spp. This makes the 
realized niches of both Calanus spp. probably larger 
than their fundamental niches (Pulliam 2000). There-
fore, the ir ecolog ical niches can be overestimated. Fur-
thermore, estimation of niche breadth of both species 
can possibly be biased by a difference in the dispersal 
rate between the 2 Calanus spp. Dispersal is expected 
to be higher for C. finmarchicus because this oceanic 
species is less limited by the bathymetric factor than its 
congeneric species (Beaugrand et al. 2002a). One way 
of overcoming this problem is to assess the ecological 
niche using a combination of physiological and e nvi-
ronmental variables (Pulliam 2000). The present pro-
cedures could be restarted on the outputs of such a 
physiological model and the results compared. The dif-
fe rence between the niche assessed by this method 
a nd that based on in situ measure ments would e nable 
an assessment of the dispersal rate of both species and 
could lead to an estimation of the fundamental niches 
of both C. finmarchicus and C. helgolandicus. 
The test can be sensitive if the number of occurre nce 
points is too diffe rent be tween species. In such a case, 
a procedure of random selection of the occurrence 
points can help to prevent the bias re lated to the esti-
mation of the probability. Other limitations are more 
dependent on the theory behind the concept of ecolog-
ical niche, sampling s trategy and coverage (Legendre 
& Legendre 1998), spatial sca le selection (Beaugrand & 
lbaiiez 2002) and other pote ntial caveats discussed 
recently by Guisan & Wilfried (2005). Spatial autocor-
relation is an important issue in ecological niche mod-
e lling (Dormann et a l. 2007). Spatial depende nce or 
autocorre lation, related to biological or physical data, 
might increase the Type I e rror rate a nd lead to the 
incorrect rejection of the null hypothesis of no effect. In 
our study, data used in the lest are de rived from a 
mean abundance calculated for a given class inte rval 
using 3 variables (temperature, salinity an d spatia l 
variability in the bathymetry) . Information on space is 
lost and the calculation of the average mixed observa-
tions located in very different places. This reduces the 
effect of spa tial au tocorrelalion. We believe that the 
very low probabilities (p < 0.0001) found in this study 
make our conclusions robust. A special procedure of 
randomization could be implemented in the test to try 
to overcome this potential problem. 
The procedures presented in this paper represent a 
simple and rapid way to quantify a nd compare the 
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breadth of the ecological niche of 2 species and to test 
whether species niches are significantly different. We 
used a Euclidian distance in the present paper, but vir-
tually any measure of distance can be used (e.g. Chord 
distance) . Such a method could be extended to com-
pare the ecological niches of more than 2 species by 
correcting the probabilities of each species pair for 
multiple test comparisons (Sokal & Rohlf 1995). The 
procedure can also be reduced to the univariate case 
(i.e. a single environmental variable) to quantify the 
degree of tolerance of a species to a change in an envi-
ronmental factor. The quantification of the degree of 
tolerance is often important in ecophysiological and 
global change rela ted issues. 
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ABSTRACf 
Although many studies have debated the theoreti -
cal links between physiology, ecological niches and 
species di stribution, few studies have p rovided evi-
dence fo r a tight empirical coupling be tween these 
concepts at a macroecological sca le. We used an 
ecophysiologica l model to assess the fundamenta l 
niche of a key-structural marine species. We found 
a close relationship between its fundam ental and 
rea lized niche. The re lationship remains constant at 
both biogeographical and decadal scales, showing 
that changes in environmenta l forcing propagate 
from the physiological to the m acroecologicallevel. 
A substantial shift in the spatial distribution is 
INTRODUCflON 
Biogeographica l studies necess ita te having a rea-
sonable knowledge of the ecological n iche, de fin ed 
here as the range of tole rance of a species when 
severa l en vironmental factors a re ta ken simulta -
neously (Hutchinson 1957). Hutchinson ( 1957) 
conceptualized thi s notion with the so-called 
n-dimensiona l hypervolume, in which n idea lly 
corresponds to a ll the en vironm enta l factors. This 
concept is a powerful tool against which resea rch -
ers ca n better assess potentia l effects of global 
cha nge on species dist ribution (Beaugra nd a nd 
He laouet 2008) . Indeed, the concept of ecologica l 
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detected in the No rth Atla ntic and projections o f 
ran ge shift using IPCC scenarios suggest a pole ward 
moveme nt o f the species of one degree o f latitude 
per decade for the 21 st century. The shift in the 
spatial distribution of this species reveals a pro-
nounced a lteration of polar pelagic ecosystem s wit h 
likely implica tions fo r lower and upper trophic 
leve ls a nd som e biogeoche mica l cycles. 
Key words: fundam e nta l niche; rea lized niche; 
physiology; spatia l di stribution; north Atlantic 
ocean; pelagic rea lm; Calanus ftnmarchicus. 
niche has been ex1e nsively used to understand and 
model anthropogenic impacts such as the intro-
ductio n of exori c species a nd po llution on species 
distribution (Peterson 2003). Determining the 
contribution of diffe rem environmental factors is 
achieved from knowledge of the di stribution of 
species w ith fie ld observations that can be rela ted to 
en vironmental predictor variables (Guisan and 
Thuiller 2005 ). Differe nt techniques exist, depend-
ing o n species da ta , which can simply be presence 
da ta (for e xample, eco logica l niche fact or analysis 
(Hirzel and others 2002) ), presence- absence data 
(for example, genera lized additive m ode ls (Hirzel 
and othe rs 2006)) or abundance data based on fi eld 
sampling (for exam ple, a ll regression ana lyses 
(Legendre and Legend re 1998) ). However, these 
techniques can on ly estimate the rea lized niche 
because they are based on observa tiona l da ta. Pul-
liam (2000) proposed a new type of m odel to ex-
plain and assess differences between fund a m enta l 
P. Helaouet and G. Beaugrand 
and realized niches. As sta ted by Hutchinson 
( 1957), his study indicates that the realized niche is 
sma ller when factors reducing survival such as 
competition predominate. However, Pulliam (2000) 
also provided evidence that the realized niche can 
be greater than the fundamental on e when dis-
persal is h igh. 
The fundamenta l niche represents the response 
of all physiological processes of a species to the 
synergistic effects of environmental factors (Fig-
ure l ). Only optimal conditions generate high 
abundances and allow for successful reproduction. 
When the environment becomes less favorable, 
this affects consecutively the reproduction, growth 
and feedi11g (Figure I). Extreme conditions become 
critical and may eventually affect survival 
(Schmidt-Nielsen 1990). Ideally, an y study that 
attempts to predict the habitat of a species based on 
the knowledge of the environment should use both 
fundamenta l and realized niches. Past studies have 
large ly focu ssed on the rea lized niche (for example, 
Hirzel and others 2002; Helaouet and Beaugrand 
2007) whereas estimation of the fundamental 
niche has been neglected. However , comparison of 
both niches can provide important insights on 
biological mechanisms (for example, competition 
or predation) that structure a population . 
Climate change affects the structure, the 
dynamics and the functioning of marine ecosys-
tems through many physical and biological pro-
cesses (Reid and Bea ugrand 2002). Changes in the 
sta te of the climate system may also unbalance the 
loca tion of boundaries between major biogeo-
graphical systems (Lomolino and others 2006) . 
Key-structura l species are usefu l for tracking such 
changes in ecosystem sta te and location. Under-
standing the spa tial dist1ibu tion of key-structura l 
species has become an important issue in marine 
ecology (Helaouet and Beaugrand 2007). Calanus 
finmarchicus is a key-structural marine zooplankton 
copepod species in the North At lantic Ocean and is 
among the most studied copepods in this area (for 
example, Heath and others 2000). This mainly 
herbivorous species plays an important ro le in 
transferring primary production to higher trophic 
levels in the food web (Mau chline 1998). Indeed, it 
has been suggested that the species is a key element 
for the larva l surviva l of some commercia lly 
importan t fish species such as the Atlantic cod 
(Beaugrand and others 2003). The species also 
modula tes the abundance of phytoplankton 
through changing grazing pressure (Carlotti and 
Radach 1996). Assessing fu ture d1anges in the 
spatial distribution of the species is a prerequisite to 
anticipate ecosystem changes but should be based 
on the joint assessment of the fundamenta l and the 
realized nid1es. 
In this study, we assess both the fundamenta l 
and realized nid1es of C. finmarchicus and provide 
evidence for a close correspondence of the two 
niches at a macroecological leve l. The concomitant 
spatial changes seen in physiology and biogeogra-
phy are constant at a decadaJ scale which makes it 
possible to propose projections of the spatia l dis-
tribution of the copepod as a function of different 
scen arios of changes in temperature established by 
the Intergovernmental Panel on Climate Change 
W.G.l (2007). Our study shows that the tempera-
ture rise observed and projected by atmosphere-
ocean genera l circulation mode ls over the North 
Atlantic sector propagates from the physiological to 
macroecological level. Implications of the result for 
ecological nid1e modelling are discussed and po-
tential consequences of the change in this key-
structu ral species for ecosystem structure and 
fu nctioning outlined. 
MATERIALS AND METHODS 
The area covered by this study extended from 
99.5°W to 19.5°E of longitude and from 29.5°N to 
69.5°N of latitude thereby covering a ll the North 
Atlantic Ocean and adjacent seas. 
Biological and Environmental Data 
Calanus Finmarchicus 
Data on the abundance of adu lt Calanusfinmarchicus 
(copepodite CV and CV1) were provided by the 
Continuous Plankton Recorder (CPR) survey. The 
CPR survey is a large-sca le plankton-mon itoring 
program managed and ma intained by the Englis h 
laboratory of the Sir Alister Hardy Foundation for 
Ocean Science (SAHFOS) since 1990. The sampler 
is towed at a constant depth of 7 m (Reid and 
others 2003). Despite the near-su rface sampling, 
the sampling gives a sa tisfactory picture of the 
epipelagic zon e (Batten and others 2003 ). Water 
enters through an inle t aperture of 1.61 cm 2 and 
passes through a 270-~un silk filtering m esh (Batten 
and others 2003). Individuals grea ter than 2 mm 
such as adult copepodite stages CV and CV1 of 
C. finmarchiws are then removed from both the 
fi ltering and covering silk. ln generaL a ll individ-
u a ls are counted, however, in particularly dense 
samples, a sub-sample can be rea lized (Batten and 
others 2003). We created gridded da ta (from 
99.5°W to 19.5°E of longitude and from 29.5°N to 
69.5°N of latitude wi th a spatial resolution of l 0 
latitude x I 0 Longitude) averaging tbe abundance 
Inferior 
Lethal Range 
Cnttcal 
Range 
Reproduction 
Range 
Growth Range 
Feeding Range 
Tolerance Range 
of C. fimnarchicus for the w hole sampling period 
1960-2005. The cl imatology of the abundance of 
C. finmarchicus fo r each decade o f the period 1960-
2005 ( 1960s, 1970s, 1980s, 1990s) and for the most 
recent period 2000-2005 was based on interpola ted 
data. Interpolation was m ade to maxim ize the 
number o f va lues and thereby increase the qua lit y 
of model comparison. Interpolation was rea lized 
using the inverse squared distan ce method (Lam 
1983) wi th a search radius o f 250 km (about 
135 miles) using a technique adopted by Beau-
grand and others {2001). 
Sea Sruface Temperature 
Tempera ture (as Sea Surface Temperature) was 
se lected as this parameter st rongly influences the 
abundance and spa tia l distribu tion of marine 
ectotherms (Schmidt-Nielsen 1990; Mauchline 
1998). Sea Surface Temperature (SST) data come 
from the Comprehensive Ocean-Atmosphere Data 
Set (COADS) a nd were downloaded from the 
internet site of the National Oceanographic Data 
Center {NODC), w hich manages acqu isition, con-
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feeding and then growt h; 
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trois qua li ty a nd ensu res the long-term safeguard-
ing of t.he da ta (Woodn 1ff a nd others 1987). To 
perfo rm a ll the ana lyses, we crea ted two dilfercnt 
kinds of SST climatology w ith a spatial resolution of 
1° of latit ude and 1° o f longi tude. The fi rst clima-
tology was based on the averaging of 45 years 
( 1960-2005), the second one was the result o f t he 
average of each decade for the period 1960- 1999 
( 1960s, 1970s, 1980s, 1990s), and the most recent 
period 2000-2005. 
In order to eva luate the potential impact of 
changes in SST on spatia l distribution, data ( 1990-
2 1 00) from the ECHAM 4 (EC fo r European Centre 
and HAM for Hambou rg) model were util ized. This 
Atmosphe re-Ocea n Genera l Circu lation Model 
(AO-GCM) has a horizonta l resolution of 2.8° lat-
itude and 2.8° of longitude {Roeckner and others 
1996). The data in this study were selected by the 
Intergovernmental Panel on Climate Change W.G. l 
(2007) based on criteria among which are physica l 
plausibility and consistency with global projections. 
Data are projections of month ly skin temperature 
equivalen t above the sea to SST {http://ipcc-
ddc.cru .uea .ac. uk) . Data used here are model led 
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data based on scenario A2 (concentration of carbon 
dioxide of 856 ppm by 2100) and 82 (concentra-
tion of carbon dioxide of 62 1 ppm by 2 LOO) 
(Jntergovenuncntal Panel on Climate Change 
W.G.J 2007). In scenario A2, the increase of C02 
has a rate simila r to current observed data (Inter-
governmenta l Panel on Climate Change W.G.I 
2007). The scena rios A2 and 82 are based on a 
world population of 15.1 and I 0.4 billion people by 
2 100, respective ly. A decadal mean was calcu lated 
for the 2050s and 2090s. 
Chlorophyll a 
Phytoplankton concentration is also an important 
parameter to explain changes in the spatial distri -
bution and abundance of C. finmarchicus. Therefore 
chlorophyll a data were selected. These data origi-
nated from the program and sate llite Sea-viewing 
Wide Field-of-view Sensor (SeaWlFS) £rorn the 
National Aeronautics and Space Administration 
(NASA). Ch lorophyll a data were converted into 
food concentrations (F) using equation (I) (Hirche 
and Kwasnicwski 1997): 
Frs = r X Cr.s (1) 
with F,.s the food concentrations (in ~tg 1- 1) at time 
1 and loca tions and C,.s the quantity of chlorophyll a 
(in 11g 1- 1) at time I and location s using a car-
bon:chlorophyll ratio r of 40 (Hirche and Kwas-
niewski 1997). A climatology of food concentration 
was calculated, based on the period 1997-2005. 
This implicit ly assumes that the period is repre-
sentative of 1960- 2005, which is, for the se lected 
spatia l scale, a reasonable assumption. 
Bat hymet ry 
The spa tia l distribution of C. finmarchicus in the area 
is influenced by bathymetry, the species being 
rarely detected when the water column becomes 
shallow (Helaouet and 8eaugrand 2007). We used 
bathymetry data to restrict our calculations in areas 
deeper than 50 m. This threshold was fixed after 
examination of the spatial distribution of C. finm-
arcllicus (Beaugrand 2004; Helaouet and Bea ugrand 
2007). 8athymetry data originated from the data -
base Genera l 8a thymetric Chart of the Oceans 
(GEBCO) . 
Estimation of tile Realized Niche 
The realized niche was inferred from the ca lcula -
tion of the spatial distribu tion of adult C. finrnar-
chicus (CV and CVI) for the whole sampling period, 
that is 1960-2005. As already mentioned in the 
introduction, the realized niche represents the 
fundamental niche modified by faaors, such as 
dispersal. which increase the width of the niche or 
factors, such as competition, which, on the con-
trary, tighten it. 
Estimation of the Optimal Parl of the Fundamental 
Niche 
Many stuclies have revealed that reproduction is 
maxin1a l when the species is at its optimal part of 
the fundamental niche (Hirche 1990) . We used this 
physiological property as a proxy to determine the 
central part of the fundamenta l niche of C. finmar-
chicus (see Figure I). When the optima l part of the 
fundamental niche is reached, the species must 
have its maximum abundance. Potential egg pro-
duction rate (EPR) at time I and location s (E,,,, in 
Eggs· female-• d- 1) was the refore calculated 
based on information on temperature and food 
concentration (Heath and others 2000): 
Pl r• ((Tu Tcpr)rs) 1 
Eu= P•(Fr.s- F,,) p3 IO 'oo (2) 
with Tr.s the sea surface temperature (in °C) at time 
I and location sand Topu the temperature optin1um. 
The latter. which determines the maximum va lue 
of egg production, was taken from Heath and oth-
ers (2000) , which fixed its value at 6°C. F,,s is food 
concentration (in pg 1- 1) at time t and location s 
(see equation ( I)) . Parameter Fh is the food con-
centra tion below which no egg production is ex-
pected. Th is parameter was fixed at 8 11g 1- 1 by 
Richardson and others ( 1999). Other parameters 
from p 1 to p5 were estimated by non-linea r least 
square regression and were taken from Hirche and 
others (1 997) (PI = 6.2; P2 = 0.48; P3 = 0. L4; 
P4 = 60; p5 = 1.9). it is clear from equation (2) that 
this model is only valid in situations when F,.s ~ F11 • 
Therefore, when food concentration was below 
8 pg 1- 1, the value of EPR was set to 0. 
The possibility to use or forecast egg production 
of C. finmarchicus is limited by the difficulty in 
obtaining ch lorophyll a data. Therefore, we sim-
plified equation (2) by fixing food concentra tion 
(P1.s) to its optimal value. The optima l value of the 
food concentration was fixed to 2 1.79 11g 1- 1 which 
corresponds to 0.55 11g 1- 1 of chlorophyll a. Over 
the time period, 62% of the geographical cells in 
which C. finmarchiws was d etected (mean abun -
dance > I individual) had va lues above 0.55 11g 1- 1 
of chlorophyll a. This percentage va ries between 
51.23 % and 85.5 1% during the period from April 
to September which corresponds to the reproduc-
tive season of the species. The optimal va lue 
(2 1. 79 ~tg 1- 1) was determined by fitting equa-
tion (2) to potentia l EPR versus tempe rature (cli -
matology based on the period 1960-2005). When 
F1,s = 2 1.791-lg 1- 1, equation (2) becomes: 
r. - ((Tu Tor")n)2 
Eu = 3.06 x 10 ,.., (3) 
It shou ld be noted that when EPR is used a lone, it 
means more accurately potential EPR per female 
and per day. The use of t his ind icator is based on 
the fact that only optimal ecological conditions al-
low for optimal reproduct ion. High potentia l EPR 
can only occur in favorable ecological conditions 
(see Figure I ; Schmidt-Nielsen I 990). less suitable 
conditions wi ll rapidly affect reproduction rates and 
more specifica lly egg production rate . 
Correlations 
The Pearson coeffident of correlation was ca lcu-
lated to examine the relationship between the 
realized (spa tia l distribution of C. fimuarchicus) and 
the optimal part of the fundamental niche (EPR) 
for different time periods (Figure 2). To evaluate 
the impact of spatial autocorre lation when corre-
la tion was calculated between maps, the mini-
mum degree of freedom (called nf) needed to 
have a significant correla t ion (P = 0.0 I ) and cor-
responding to the observed correlation value was 
assessed. 
Procedures and Analyses 
Figure 2 summarizes t he different ana lyses per-
fom1ed in th is study. 
REsULTS 
Analyses confinn tha t C. finmarchiws is a subarctic 
species, mostly abundant in the north of the Oce-
an ic Polar Front (Dietrich I 964) (Figure 3A) . Its 
realized niche shows an optimum range around 6°C 
but abundance remains high between 2. 5 and 
9.5°C. This optimum corresponds to the tempera-
ture w here egg production rate, determined in 
laboratory experiments, is maximal (Hirche and 
others I 997). Spatia l distribution of EPR closely 
matd1es the spa tial distribution of the abundance 
(r= 0.71 for a ll marine regions and r = 0.8 1 for 
regions deeper tha n 50 m, Figure 3A and B, Ta-
ble I), confirming that the abundance of the species 
is proportional to its potential EPR. These resu lts 
suggest a strong correspondence between physiol-
ogy and the spa tia l di stribution of the species. 
The central part of the fundamenta l niche is 
narrower than the rea lized niche as it is inferred 
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Figure 2 . Sketch diagram summanzmg the different 
steps and ana lyses perfom1ed in this study. * The clima-
to logy of food concentration is based on chlorophyll a 
da ta, only available for the period 1997-2005. 
from EPR (Figure 3C and D). The adjustment of the 
mode l by non -linear least square fitting is best 
when food concentration (F, _ _, in equation (2)) is 
fixed to 21.79 ~tg 1- 1• This va lue allowed us to 
simplify equation (2) (see equation (3) in Materia ls 
a nd Methods). Correlation between the two ways 
of assessing EPR (from equation (2) and (3)) is high 
and ranges from r = 0.89 (P < 0.001, Table I ) 
when a ll marine regions are considered to r = 0.93 
(P < 0.00 I) when only regions deeper than 50 m 
are included in the ana lysis. This resu lt suggests 
tha t food concentration is not so limiting in the 
regions of inte rest, probably beca use chlorophyll 
covari es we ll w ith temperature (r = -0.7 1; 
P < 0.00 I ; n = 3148; nf = 19). Such a simplifi ed 
model, depending only upon te mperature, is a n 
advantage because good qua li ty data on chloro-
phyll are restricted to years after 1997 a nd a lso 
because ch lorophyll data assessed hom biogeo-
chemical models have large uncerta inties. 
At a decada l scale, the spatia l distribution of the 
abundance of C. finmarchicus a lso closely corre-
sponds to EPR (Figure 4). Correla tions ranged from 
0.62 in the 1960s to 0.82 in the 1980s (Table I) . lt 
is interesting to note that correlations are fa irly 
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Figure 3. A Spatial distribution of C. fimnarc/zims for the period 1960- 2005. B Spatial distribu tion of EPR calculated from 
equation (2) and using temperature data for the period 1960-2005 and a clima tology of food concentration based on 
chlorophyll a data for the period 1997-2005. The reproduction potential is h igh in the wh ole North Sea ahhough the 
species rarely occu rs in the shallow part of this sea. C Abundan ce as a function of temperature (mean SST regime). Data 
are from Figure 3A. The bold green line, renecting th e realized niche was calcu lated from a polynomial regression of order 5. 
D Egg production rate (EPR) as a function of temperature. Data are from Figure 3b. The bold red lim was calculated by 
adjusting F1.s in equation (2) as a function of data, using least squa re fitt ing. 
Table I. Relationships Between Fundamental and Rea lized Nid1es 
All regions Correlation Probability Degree of freedom (n) Degree of freedom (nf) 
E/E' 0.89 < 0.00 1 3144 10 
E/Ab 0.71 < 0.00 1 1697 18 
E./Ab 0.79 < 0.00 1 1698 14 
Regions > 50 111 
E/E. 0.93 < 0.00 1 2757 8 
E/Ab 0.8 1 < 0.00 1 1618 13 
E' /Ab 0.82 < 0.001 1618 13 
Decadal analysis 
E*/Ab (1960- 1969) 0.62 < 0.00 1 1567 25 
E'/Ab (1970- 1979 ) 0.74 < 0.001 1528 17 
E'tAb (1980- 1989) 0.82 < 0.001 1227 13 
E'/Ab (1990- 1999) 0.79 < 0.001 1189 14 
E./ Ab (2000-2005) 0.79 < 0.001 1358 14 
P~arsu11 corrdnrio11 rotffidems calntlartd bmwm maps of /iPR crrimmtd from <'<JIIarioll (1) (l:i) a11d eq11nriot1 (J) (Li•). nbtmdnll<l' (Ab) for tlte p<!riod 1960-2005 (S<'<' 
Figure J) n11d 11111 dtcndnl srole (stt Figtm .J). AbtmdaltCt' dma 1wre ITniiS[ormrd (l.>g 11~Ab +I)) prior to tire calclllntioll ofcorrfiarioll. '11[" dmotcr tire degree of freedom 
llffdtd to ltm't n sig~tificnm rorrdarion nr P = 0.01 . This was calrulared to n ·nlume rite strmgtlt of rite ron-dario11 and I<• rnkr imo a.-.·,,um rhar dm" arr spatially 
awocorre/nrrd For rxarnple. whm 11f = 10 mrd 11 = JOOO, rltis indiauts rhar rlli rorrtlnri~tt rnnnirts sig11i[icam mm wltm 10/JOOO gt,~qrnphiml pixfis are k~t (O.JJ% of the 
JOOO pixtls). 
constant (with no observed trend) and tha t EPR 
explains be tween 38.44% and 67.24% of the var-
iation in the abundance of C. finmarchiws. A con-
cornitant northwards movement of the species and 
EPR is observed in the north-eastern part of the 
North Atlantic Ocean after the 1980s (Figure 4). 
The reduction in the abundance of the species de-
tected in the North Sea after 1990 is clearly ex-
pla ined by EPR. A reduction is also detected over 
the eastern Scotian Shelf. 
The close correspondence in the spatial distribu-
tion of both abundance and EPR and the reby both 
fundamenta l and rea lized niches as well as the 
constancy of the corre lation at the decada l scales 
together make it reasonable to use EPR as a proxy 
to forecast the spatia l di stribution of C. finmarchicus, 
utilizing a scenario of temperature changes from 
AO-GCMs (here ECHAM 4 data using the moderate 
scenarios A2 a nd B2). This way of forecasting the 
spatia l distribution of the species is currently ne-
glected a nd more emphasis is needed on the esti -
mation of the likely distribution from tbe rea lized 
nkhe. Mapping of forecasted EPR fo r the 2050s and 
the 2090s shows a pronounced biogeographical 
change in the nonh-eastern part of the North 
Atlantic Ocean (Figure 58 a nd C). In the North 
Sea, the species could disappear a t the e nd of the 
21st century (Figure 5C) . Changes are observed on 
the western side of the Atlantic. Although our 
a na lysis is limited in spatial resolution, a reduction 
in the abundance of C. finmarchicus is predicted over 
George Bank a nd Newfoundland. 
DISCUSSION 
This study provides compelling evide nce, a t a 
macroecologica l scale, that the spatial djstribution 
of a species (here a marine pe lagic species) is con -
strained by th e influence o f temperature o n its 
physiology (for exa mple, Huggett 2004). A close 
relationship has been found between the funda-
mental and the rea li zed niche (that is, its optimal 
part) of C. finma rchiws which was evident when egg 
production rates and spa tia l distributions were 
mapped together at both bioclimatological and 
decadal sca les (Figure 3 and 4, Table I ). Our results 
demonstrate that the species is generally present in 
regions where it can reproduce and tha t a high 
level of abundance is detected in p laces where 
reproduction is maximal. This correspondence be-
tween physiology and spatia l distribution was ex-
pected from the ecological niche theory (for 
example, Leibold 1995; Guisan and Thuiller 2005; 
Begon and others 2006) illustrated in Figure I and 
some authors a lso stressed this re lationship from 
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laboratory experiments (Parmesan 2005 a nd ref-
erences therein). 
The concept o f the niche (sensu Hutchinson ) is 
multidimensional. However, in this study, the 
emphasis was made on temperature, and the niche 
we assessed was mainly a thermal niche. The first 
reason for this is that Helaouet and Beaugrand 
(2007) showed that temperature was the main 
driver of the spatial distribution of C. finmarchicus. 
The parameter correlated well w ith other factors 
such as oxygen and nutrient concentration and to a 
lesser extent chlorophyll concentra tion. Therefore, 
temperature can be considered as a good p roxy for 
other factors. The second reason is that tempera-
ture appears to be the most accessible parameter 
from Atmosphere-Ocean genera l circulation mod-
els. Our analysis showed that removing chlorophyll 
from the ecophysiological model did not alter the 
results (see Figure 4 and 5) . A second parameter, 
the bathymetry, was identified but its impact was 
much less important tha n temperature . Bathyme-
try correla ted we ll with mixed layer depth and 
w ind-induced turbulence. Batbymetry was con -
sidered, although indirectly, by removing data at a 
depth below 50 m . 
An ecophysio logical model , origina lly built upon 
data on C. finmarchicus in the northeastern pan of 
the North Atlantic Ocean, was applied in this study. 
Its applicability a t the scale of the North Atlantic 
Ocean appea red to be a valid assumption (see Fig-
ure 4) . There is an ongoing debate on whether or 
not genetic differentiation exists among the popu-
lation of C. finmarchicus (Bucklin and others 2000; 
Provan and others 2008). Recent results suggest 
that there is no genetic difference at the scale of the 
North Atla ntic basin, which might a llow the species 
to track changes in available habita t in the context 
of global warming. 
Foundations of niche modeLling are intimate ly 
linked to Hutchinson's fundamental and r ea lized 
niche concepts, and most modellers su bscribe to 
this framework (Guisan and Thuiller 2005; Araujo 
and Guisan 2006 and references therein). Despite 
this genera l agreement, some authors argue that 
ecological niche models based on observed data 
provide an approximation of the fundamenta I 
niche (for example, Soberon and Peterso n 2005). 
Many others workers consider that niche models 
provide a spatial representation of the rea lized 
niche (for example, Guisan and Zimmermann 
2000; Pea rson and Dawson 2003). Chase and Le i-
bold (2003) suggest dropping Hutchinson's concept 
and provided a major revision of the niche theory. 
They defined the niche as the environmenta l con-
ditions tha t a llow a species to keep the population 
P. Helaouet and G. Beaugrand 
l.ongHude 
Figure 4. Decadal changes in the spatial distribution in 
the abundance of C. ftmnarchicus (in left) and egg pro-
duction rate (in right). Abundances are extrapolated to 
improve the number of values and thus increase the 
quality of model comparison. The isotherm 9-1 0°C is 
represented by asterisks (Beaugrand and others 2008). 
growth rate positive or null (besides both immi-
gration and emigration). Our resu lts suggest, 
however, that the combined use of both funda -
mental and realized niches enables a better 
understanding of the environmental conditions 
that allows the growth of the population (Chase 
and Leibold 2003). 
Two hypotheses can be proposed to explain the 
tight coupling between egg production and abun-
dance observed in this study. First, a lthough dis-
persal is genera lly considered to be high in the 
pelagic rea lm (Longhurst 1998), hydrodynamical 
features might behave as a barrier and prevent 
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Figure 5. A Spatial distribution of EPR of C. ftnmarclticus 
based on observed SST data for the period 2000-2005. B 
Projected spatial distribution of EPR based on scenario A2 
of SST change for the period 2050-2059. The EPR is used 
here as a proxy to evaluate futu re changes in spatial 
distribution of the abu ndance of C. ftmnarchicus with 
global climate change. C Projected spatial distribution of 
EPR based on scenario A2 or SST change for the period 
2090-2099. Scenario 82, which gives very similar results, 
is not presented. The isotherm 9-1 0°C is represented by 
asterisks (Beaugrand and others 2008). 
migration. Indeed, the spatia l distribution of 
C. finmarclricus clearly matches the subpolar gyrc 
and is limited by the Oceanic Polar Front (Dietrich 
1964) and associated oceanic currents (Krauss 
1986; Helaouet and Beaugrand 2007). Second, the 
link between egg production and spatial distri bu-
tion may be explained by the fact that an expatri-
ated population is unlikely to persist and the refore 
to be detectable at the scale of ou r study. Pulliam 
(2000) stressed that a population may pe rsist as 
lo ng as the immigration rate from source regions 
nearby is sufficient. Dispersion from source habitats 
(region where local reproduction exceeds morta l-
ity; Pulliam 1988) seems to be rapidly counteracted 
by mortality related to physiological stress, which 
might in turn be worsened by interspecific com-
petition , parasitism and predation in sink habitats 
(regions where mortality exceeds local reproduc-
tion; Pulliam 1988). 
Our results show that C. finmarclticus could be 
abundant in the North Sea as the model forecasts 
high reproductive pote ntia l. This paradox has a l-
ready been noted by Heath and others (I 999). The 
species is not observed throughout the year because 
it typica lly requires bathymetry grea ter than 500 m 
to overwinter in diapause (Hirche 1996). The North 
Sea is tho ught to be invaded each spring by adults 
from deeper oceanic regions (Heath and others 
1999). Not on ly the magnitude o f the spring inva-
sion has been reduced due to a warming of the 
Norwegian Sea Deep Water (Heath and others 
1999), but o ur resu lts a lso suggest that the pote ntia l 
for this remaining population to reprodu ce and 
grow during the season has been considerab ly re-
duced. Year-to-yea r cha nges between the abun-
dance of C. finmarclticus and the mode lled egg 
production rate in this region a re highly correla ted 
(r = 0.66, P < 0 .001. 45 years). The parallelism 
between decada l changes in both egg production 
and abundance (see Figure 4) indicates that a 
reduction of offspring quickly propagates to the le-
vel of species population. The concomitant changes 
between level of abundance and egg production 
ra te suggests that an approach based on physiolog-
ical rule combined with biogeographica l informa-
tion enables better projections of change in spatia l 
distribution to be made (Parmesan 2005). Overall , 
we found a very close link between abundance and 
potemial EPR. However, at a regional scale, local 
hydrodynamics such as the volume of Norwegian 
Sea Deep Water and its influence on spring invasion 
(Hea th a nd others 2000) on the eastern side of the 
North Atla ntic or the sta te of the NAO, and its im -
pact on the Labrador Sea Wate r may have a strong 
influence (Greene and others 2003) . 
Modelled sea surface temperature (SST) data 
from the ocean-atmosphere general circu la tion 
model (EC HAM4 scenarios A2 a nd B2) and ob-
Physiology, Ecologica l Niches and Species Distribution 
served sea surface temperature (COADS) data are 
highly positively correlated in the area covered by 
this study, showing that we can be confidant in the 
use of the two scenarios of cha nges in SST for o ur 
projection of spa tial patterns in egg production rate 
(Beaugrand and others 2008) . Mode lled changes in 
the egg production rate for the period 2050-2059 
and 2090-2099 show a substantial poleward 
m ovement of the species o f about one degree of 
latitude per decade (Figure 5 ). Regions character-
ized by high abundance and high reproduction 
rates, observed (Figure 4) or modelled (Figure 5), 
are just below the isothenn 9-1 0°C. This isotherm 
represents a biogeographical boundary between the 
Atla ntic Arctic and Atlantic Weste rly Winds Biome 
(smsu Longhurst 1998) (Bea ugrand and others 
2008). Beaugrand and others (2008) linked a 
change in the locatio n of this bo undary to an 
abrupt ecosystem shift affecting the food web from 
phytoplankton to zooplankton to fish. As a key 
structural species ( Planque and Batten 2000; Speirs 
and others 2004), C. finmarchicus is one of the most 
abundant copepods in subarcti c waters o f the North 
Atlantic Ocean (Conover 1988). This species 
transfers energy from phytoplankton to upper t ro-
phic levels (Mauchline 1998) and represents a key-
prey for at least some stages of exp loited fish (for 
example, cod (Sundby 2000)). Its biogeographical 
movement might therefore reveal major ecosystem 
changes that will propagate northwards if climate 
wa rming conrinues (Ime rgovernmental Panel on 
Climate Change W.G.I 2007 ). The expected chan-
ges in the abunda nce of the species might impact 
the trophodynamics of pelagic ecosystems, a ltering 
predator-prey relationships (Cu shing 1997) and 
some biogeochemical cycles (Bea ugrand 2009). 
The current knowledge of the spatial distributio n 
of species up to now is limited in the pelagic rea lm, 
which covers 71% of the earth surface. With the 
establishment of a link between physio logy, ecolog-
ical niches and species distribution, our study opens a 
new avenue for predicting the potential response of 
species and ecosystems ro globa l climate change. 
Further investiga tions of regions and species, for 
w hich information on physiology and distribu tional 
patterns are known, would ma ke it possible to gen-
e ralize this link to other realms. Such a validation 
might bri ng new e mpirica l evidence to the ongoing 
debate on the redefin ition of the fu ndamenta l and 
realized niches (Arat'1jo and Guisan 2006) . 
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